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Synopsis:

Henry Cavendish's was the first comprehensive theory of
electricity; and his experiments and measurements--although
not fully published in his own lifetime--were by far the
most significant attempt to explore, quantitatively, the
phenomena and to analyze the results in terms of a detailed
theory. : :

Natural Science in the eiqhteenth century had reached a
stage where the interests of the mathematical philosophers
(precision and analysis) and those of the experimental

philosophers (exploration of new phenomena) had become sep-
.arate and even divergent. Electricity, in particular, was
a domain largely for the experimentalists, many of them
~amateurs. : _

Henry Cavendish-—-an eccentric genius of high birth-~was
one of the very few who was able to bring to the study of
electricity (and to many other scientific subjects) gifts
which embraced the mathematical, analytical, and experimental;
and a rare passion for observation of natural phenomena of
every variety. ' '

His determination of the law of force between electric
charges is a model of scientific experimentation. It was,
and still is, the basis of a whole series of subsequent ex-
periments, extending from 1871 to the present day. With
up-to-date techniques, the experiment can pe performed with
extraordinary sensitivity; and there is still an interest
in ever-higher precision, in probing the limits of the range

“over which the validity of the law~of-inverse-sguares
can be tested, experimentally. :

I. Preface. 18th Century Natural Philosophy

There is a familiar picture of the 18th Century: The Age -
of Reason and Enlightenment; an age of confident, unhurried

Progress, of restraint, discrimination and urbanity. In this

setting, Natural Science, reflecting the character and color-
ation of the period, is portrayed as a steady if unspectacular
development, a sort of interregnum between the seminal works
and brilliant accomplishments of 16th and 17th centuries, and
the exuberant expansion of science in the 19th.

It may seem rather ingenuous to assign a particular character
to the culture or science of a century, as if historical develop-

ment can be cut into regular 1l00-year slices, each synchronized

neatly with the calendar. Yet there is an unmistakable "18th-

~ century," which imparts its character to much science from 1700.



to 1800. It is a period whose beginning is marked by the
appearance and immense influence of Newton's masterpieces:

the Principia and Opticks; it ends with the discoveries of
Alessandro Volta, Humphrey Davy, and Thomas Young; and the
work of Joseph LaGrange and Pierre S. de Laplace; it ex-

tends from the death of Boyle, Huygens, Leibnitz , to the
birth of Gauss, Fresnel, Faraday, and Carnot. From the

time of Queen Anne and Louis Quattorze to that of Jeffer-

son and Napoleon may seem like an epochal separation, yet much
of the intervening period has a character and constancy that seems
to belie change; that suggest that development if not lacking

"is, at least, latent.

The 18th Century is not only an age of reason, put of

secularism, tolerance and humanism, whose expression requires

a measure of constancy and stability in both knowledge and - =
society. It is. the great age of the philosophers and encycloped-
ists,-—and how can one organize, codify, assimilate, and dis-
seminate knowledge if its basis is shifting dramatically? in

the Sciences, the spectacular achievements of the natural phil-
osophers of the seventeenth century had endowed thelir successors
with so splendid a patrimony, that to seek new scientific for-
tunes and adventures must have seemed to many, if not impossible,
at least inopportune.. What better task than to husband and

develop the fortuné at hand, and to reap its benefits? Why

attempt to build anew, when such splendid foundations have _ A
been inherited? : i

And so, with diligence, application and the characteristic
genius of the age, did the Bernoullis, Euler, D'Alembert, La
Grange, LaPlace and many others labor to formalize, refine,
extend and embellish the edifice of Mathematical Natural Phil-
osophy in the spirit of its great architect, Isaac Newton.

But the 17th century is noteworthy not only for what it
accomplished, but also for what it initiated. " It founded, and
begueathed to successors, the numerous scientific socleties
and Academies where men could cooperatively indulge in their - i
individual curiosity about Nature, and where this interest :
could be sustained by continuing, 'if not always systematic
experimentation and discussion. Study of the workings of
nature in this way was accessible to many who possessed neither
the scholarship nor the mathematical skill demanded of those
who would contribute to formal Natural Philosophy. "Nature”
had become very fashionable by the 18th century; and there
was mathematical philosophy to probe its profundities, and ex-
periment to explore its innumerable shapes and forms. Neither
of these was the creation of the 18th century, but in it both
were firmly established and extensively exploited.

Most of those who contributed to Natural Sciences in the
18th century chose one approach or the other--the mathematical
or the experimental; few had the aptitude or ability to embrace,
still less to excel in, both. "Nature" covered an immense
variety of phenomena. Experiment and observation were still
sufficiently unsophisticated for an amateur with little



specialized knowledge and even less preliminary training,
readily to enter into the fray (as many did). And their
labors resulted in a great accumulation of empirical know-
ledge (and no small speculation) in chemistry, geology.,
zoology, botany, astronomy and those branches of physics
still too empirical to be assimilated into the Newtonian
framework, e.g. Acoustics, Metallurgy, and Electricity.
There were outstanding geniuses here also: Buffon, Franklin,
Priestley, Lavoisier, Herschel, Rumford, Watt; men typically
- less professionally academic than their mathematical-philo-
sophical counterparts, who if not strictly amateurs, were
‘men of many parts, of which science was one. Paradoxically,
the genius of the eighteenth century was often its many-
‘sidedness; there were those whose interests and activities
spanned the whole range of science and public affairs. ‘
Philosophy, science, government and politics were in a sense
as close together as they ever came. Yet within natural
philosophy itself, there was a marked dichotomy between the
formal-analytical, and the exploratory-experimental.

The study of electricity in the eighteenth century was
predominantly of the latter category, at least at the out-
. set. For most of the century the problem was to identify
- and clarify the phenomena, to observe carefully and unravel
patiently the seeming endless complex1t1es, so as to bring
electricity within the range of precise formulation and then
formal analysis.* By the end of the century the science of
"electrostatics" at least was approaching this latter stage,
but few in this whole period of development possessed the
- power to embrace the whole: range of theory and experiment
and attempt a comprehensive view.

One exceptional genius, Henry Cavendish, who had both
the power and the inclination to attempt, and in a large
measure succeed in,this task, ironically, had only a limited
influence on the development of electrical science. . He is
celebrated today (in physics) for two major achievements:
his elucidations of the law of force (the "inverse square
law") in electricity, and the determination of the Universal
Gravitational Constant (G). In retrospect, we see these as _
two different but both profoundly fundamental problems neces-
sary for the full development of the Newtonian scheme of - -
natural philosophy. The accurate and thorough study of these

* - ‘
Leonhard Euler, the great mathematical genius of the 18th
Century virtually gave up. In his celebrated letters to a

German Princess (1761) he writes: "The subject...(electricity).

“almost terrifies me. The variety it presents is immense, and
‘the ennumeration of its parts serves rather to confound than to
inform--almost every day (there is) discovered some new phenom-
enon...the fatlgue of wading through dlffuse, long, tedious
detail..." :



two major forces of Nature--gravitation and electricity--

would seem to us, as a natural and primary focus of scientific
endeavor in any attempt to extend and explore the ramifica-
+ions of Newtonian science. Yet the ‘combination of analytical
and experimental power required to resolve these problems:

was so rarely combined in a single individual, that it fell

~to this eccentric genius of the 18th century toc deal success-

fully with them both. Kepler, Huygens, and Newton had
shown how the law of inverse squares manifested itself in the
realm of heavenly motion; it was Henry cavendish who first .
demonstrated how this law was expressed in the more complex,.
but experimentally more accessible, domain of terrestial-
laboratory phenomena.. - T -
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II. The Hohoréble'Henry Cavendish (1731-1810)

Henry Cavendish is more than an 18th century character--
he is almost a caricature of the period and the society
into which he was born. He was "high-born"--a scion of
the illustrious house of Cavendish which could trace its lineage
back eight centuries to Norman times. It was already famous
'in the time of William the Conquercr. Amongst his ances-
tors was one Sir John Cavendish, Lord Chief Justice in the
reign of Edward III (1312-1377), and later beheaded by Richard .
I1I; another, Sir William Cavendlsh, was treasurer to Edward .
VI (1537-1553), and it was he who established the family
estates which were to be the basis of the immense wealth of
the Cavendishes. By judicious marriages and alliances, the
house Cavendish spread and gained influence: and during the
reign of James I, a Cavendish was created the first Earl of
Devonshire. Another of Cavendish's ancestors, Thomas Caven-
dish, was one of the first to circumnavigate the globhe
(1586/88), and perished, in Brazil, in a subsequent voyage of
exploration. . o :

The third Earl of Devonshire (1640-1707) was the most
politically renowned. Opposed to what he regarded as the
political repressions of James II, he took a prominent part
in the accession of William (III).and Mary to the English
throne, and was rewarded, in turn, by being created the first
Duke of Devonshire. Henry Cavendlsh was hisg great-grandson:
the eldest son of the third son of the second duke.

Henry Cavendish's own father--Lord Charles Cavendish--
was himself a scientist of some attainments: he had partici-
pated in many of the electrical researches of the Royal
" Society in the 1740's, and had later become its vice- president.
The education he arranged for his eldest son appears to have
been in the best upper-class tradition of the time. He
entered St. Peter's College at Cambridge in 1749, and re-
mained there until 1753. He left without taking a degree,
but the records indicate that this should not be interpreted
as a measure of his intellectual attainments at Cambridge.

Little definite is known about Cavendish's life for the
decade or so after leaving Cambridge, but it seems almost
certain that he returned to London--to his father's house in
Marlboro Street, and became immersed in scientific researches.
Scientific investigations were already a familiar part of the
scene in this aristocratic household: Lord Charles Cavendish's
experimental activities and his interest in electricity,
caplllarlty, ‘and allied subjects were sustalned untll his
death in 1783.
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Henry Cavendlsh's own researches appear to have been , ,
pursued gquite independently. Whilst his financial c1rcumstances'
allowed him full personal freedom to pursue his interests,
it seems that he did not have access to. the great family
wealth until after his father's death. A contemporary
(Dr. Thomas Thomson) writes of him: ' :

"During his father's life time he was kept in rather
narrow circumstances, being allowed an annuity of
£500 only, while his apartments were a set of stables
fitted up for his accommodation. It was during this.
“period that he acquired those habits of economy and '
those 51ngular oddities of character which he exhibited
ever after in so striking a manner.. At his father's
‘death he was left a very considerable fortune; and
an aunt, who died at a later period bequeathed him .

a very handsome addition to it, but in consequence

of the habits of economy which he had acquired, it
was not in his power to spend the greater part of

his income." (Ref. 1, p. 159) :

There are other recorded versions of how Cavendish acquired
his own substantial fortune--that an uncle abroad, shocked
at his family's neglect of a favorite nephew, left him a
legacy of £.300 000 in 1773. But in any event for the first
40 years of his life, financial factors had little influence
on his devotion to science. He was free to pursue his interests
as a dedicated "amateur"; but he was not subject to much
temptation - by way of great riches. From all we know of his
character, it is doubtful whether these would, even if accessible
to him, have deflected his purpose. Later in life, when in
control of abundant wealth, the only objects on which he
_lav1shed it were scientific apparafus and books and accommoda—-
tions- to house them.

Cavendish ‘did not publish any of his researches during the
thirteen years after leaving Cambridge, but there is little
doubt that in much of this period he was studying and ex—
perimenting, particularly in chemistry and electricity. 1In
1760 he was elected Fellow of the Royal 8001ety, and his first
paper, "On Factitious Airs" was published in 1766. A few
years later, in 1771, he publlshed hlS major work in electr1c1ty,
- modestly entitled:

An Attempt to Explaln Some of the Principal Phenomena of
Electr1c1ty by Means of an Elastic Fluid

(Phil. Trans. of the Roval 5001ety,
Vol. 61, pp. 584-677.)

This work, and his remarkable paper of 1775: An Account of
Some Attempts to Imitate the Effects of the Torpedo by Electricity,




(Phil. Trans. of the R.S. Vol. 66, pp. 196-225), are the
only electrical researches of his which were published during
his lifetime. Both papers, however, reveal such mastery of
 the subject, in so many respects so far ahead of his contem-
poraries, that it is not difficult to infer the intense and ’
sustained efforts that Cavendish must have devoted to the
study of electricity. The full range of these researches
was only brought to light some 100 years later, when numerous
papers and notes left behind by Cavendish were edited and
published by J. Clerk Maxwell (Ref. 2, 1879).

Cavendish's aversion to publicity--either for himself
or for his work--has done much to create the myth of his life
as a recluse or misanthrope. That he was eccentric~-even for
an outstanding personality of the 18th century--is beyond
doubt; but he seems to have been a well-known figure in the
scientific society of his day, and a frequent participant in
scientific gatherings. His tastes and interests in science
were extraordinarily catholic: apart from his experimental
and theoretical contributions to electricity he made notable
contributions to chemistry, gravitation, heat, magnetism,
and meteorology, and he published major papers in these fields,
 particularly from 1780 onwards. Our main interest here is

with his fundamental work on electricity, the nature of which
is clearly indicated in the 1771 paper, although the full
details and implications of his work were only brought to
light in the documents published in 1879. Because there was
so much in them that was entirely new and original that was
not published at the time, there is a tendency to underesti-
mate the influence of Cavendish's work on the development of
electrical science. But, as we shall see, the one or two
papers that he did publish were so fertile in ideas and results,
that it is hard to believe that those who did study them were
"not strongly influenced by and indebted to Cavendish's work.

Like everything about him, Cavendish's style in electrical
research was strongly individualistic. Newton was clearly
his ideal; but the subject and circumstances of his investi--.
gations were so different, that, especially in his experimen-
tation, Cavendish soon created a style of his own. He was .
primarily an experimenter, one with a determined, almost fanatical =
sense of measurement and quantification. But his aim was not
simply to make new or more precise measurements of phenomena
that were already discovered. and gqualitatively well understood.
On the contrary, his researches ranged widely among phenomena--
in electricity, in chemistry, in geology--where the phenomena
were so complex and variegated, and consequently ill-understood,
that what was significant for measurement had first to be sought
out, clarified, and identified. This could only be done with
care, patience, and sustained labor, combined with great
experimental skill, powerful insight, and some mastery of



mathematical-analytical subtlety! - These are character-.
istics that mark most of Cavendish's work. In addition
his personal temperament, his indifference to acclaim by
his contemporaries (and possibly by posterity!), his
steadfast, unperturbed, virtually single-minded devo-

tion to his researches, (to the exclusion of all other
interests), mark his researches with a thoroughness that -
was qulte unusual in hlS day, for the subjects he investi-
gated.

He worked in an age of style and elegance, but both his
personal habits and scientific work are characterlzed by
extreme austeri ty

“The culture of the external senses, which the pro-
secution of researches in the physical sciences, secures
to all who are successful in their study, did nothing
in Cavendish's case, to guicken the perception of beauty,
whether of form or sound or colour. Many of our natural
philosophers have taken great delight in one or other of
the fine arts. For none of these does Cavendish seem to
have cared.... he was indifferent to elegance of form in
. his apparatus, which provided it were accurately constructed
might be clumsy in shape and of rude materials., He in-
sisted, however, on its perfect accuracy.

" Cavendish seemed to have in view in construction, efficiency
merely, without attemtion to appearance. Hard woods were
never used, excepting when required. Fir wood (common
deal) was that most commonly employed The same dlsre—

gard for mere appearances was shown in his laboratory.'
(Wilson, Ref.l p. 178)

Although he made measurements of great precision and delicacy,
and often discerned, examined, and established fundamental
“quantitative relationships where others had only perceived a
bewildering array of complex appearances, his apparatus was,

as his biographer George Wilson emphasizes, often, at least
superficially, of surprising crudity. Cavendlsh could well

be designated as the real originator of the "string and seal-
1ng—wax technique (both were liberally employed by him). It
is not unfitting, then, that it was in the Cavendish Laboratory
in Cambridge, where some 150 years afterwards in the laboratory
endowed by Henry Cavendish's descendent and named in his honor,
that this modest and deceotively simple research technique
flourished so magnificently in the era of J.J. Thomson and

E. Rutherford.

Cavendish's world seemed to be entirely one of dispassionate,
intellectual exploration, analysis and measurement. The same
biographer writes: : '



"His theory of the Universe seems to have been that it
consisted solely of a multitude of objects which could
be weighed, numbered and measured; and the vocation to
which he considered himself called was to weigh, number
and measure as many as his allotted three-score years
and ten would permit.... :

Throughout his long life he never transgressed the laws
under which he seems to have instinctively acted. When-
ever we catch sight of him we find him with his measuring-
rod and balance, his graduated jar, thermometer, barometer,
and table of logarithms, if not in his grasp, at least
near at hand. Many of his scientific researches were
avowedly guantitative. He weighed the Earth, he analysed
the Air, he discovered the compound nature of Water, he
noted with numerical precision the obscure actions of

the ancient element fire: Each, like some visitor to a
strange land, was compelled to submit to a scrutiny, in
which not only its general features were noticed, but.
everything pertaining to it, to which a guantitative

value could be attached, was set down in-figures, before
it went forth to the scientific world with its passport

- signed and sealed. The half-mythical calendar of the
Hindoos... the electricity of the Torpedo, the freezing
of mercury, the appearance of an Aurora Borealis, the
hardness of London pump water, the properties of carbonic
acid and of hydrogen, and much else, were equally sub-
jected to a canon which knew of no limitations, and re-
quired that every phenomena and physical force should be
held to be governed by law, and admit of expression in
mathematical or arithemetical symbols." (Ref. 1, pp. 186-7)

Not all the results of Cavendish's scientific deliberations
"went forth into the Scientific World." Especially in his
electrical researches, only the major conclusions were pub-
lished. These were contained in the two papers previously
mentioned. Even a glance at these papers suggests Cavendish's
extraordinary grasp of the principles involved, and the thor-
oughness and care--both experimental and theoretical--which
he has devoted to his investigations. When the more complete
content of his work was brought to light--100 years later by
Clerk Maxwell--there was then revealed the full extent to
which Cavendish mastered the subject, how he was able, in his
solitary way, to develop methods and concepts far beyond the
range of his contemporaries, and to anticipate "nearly all
the great facts in common electricity which at a later period
were made known to the scientific world through the writings
of Coulomb and the French Philosophers." (Ref. 1,p. xi) - '

Before we turn from Cavendish himself to a more detailed.
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discussion of his electrical researches, it is well .to
recall that these latter comprised only a small part of his
life's work in science. This much seems clear from the un-
published papers which had, according to the biographer
Wilson, already in 1851, been examined by a leading authority
-on electricity, Sir Wllllam Snow~Harris, who had attached
the following note to the 1id of the box containing them.

Of the 20 parcels of papers on electricity 18 belong
~to the years 1771, 1772, 1773...thé remaining parcels
are dated 1775, 1776, and are evidently connected

with the author 8 celebrated paper on the Torpedo pub-
lished in 1776. The papers belcnging to the years
1771, 72, 73 consist of six papers on Mathematical
Electrlc1tv, nine experimental papers, one of Diagrams -
and figures, and the remainder are of a miscellaneous
character.

Of the more than 50 years--from leaving Cambridge in 1753
until his death in 1810--which Cavendish devoted to science,
in only. five was he preoccupied with Electr1c1ty His pub-
lications in chemistry, although also sparse in relation

to the efforts he expended, are more extensive. He was one

" of the prominent pioneers in the development of "pneumatic-
chemistry"--the study of chemical processes and properties

of gases--and his first publlshed paper (1766), entitled

"On Factitious Alrs," was in this field., 1In the history

©of chemistry he is celebrated for his quantitative studies

of the (chemical) properties of hydrogen and carbonic acid
(carbon dioxide- "fixed air"), the composition of atmospherlc
air, and the compounds of nitrogen and oxygen (work published
in several major papers between 1766 and 1785); and above
all for his pioneering work (1781-1784) in demonstrating, by
a guantitative 1nvestlgatlon of the electrical "explosion"

of a mixture of hydrogen ("inflammable air") and oxygen
("dephlogistriated air"), that water was a compound of these
two substances. In this work he became unwittingly embroiled -
in a controversy on priority and plagiarism with his contem-
poraries the famous chemists Joseph Priestley and Antoine
Lavoisier and the great engineer James Watt. The clamor of
this controvers; still echoed more than 50 years later, by
which time admirers and champions of Cavendish had founded
the "Cavendish Soc1ety" as a tribute to his contributions to

.Cﬂemlstry(cf Ref. 1 p.v). It was this society that comm1551one&v;?u‘

the Biography of. Cavendish to which we have referred: ‘its
compositon and the Biography itself, reflect Cavendish' s con-— .
trlbutlons to chemistry.

Of Cavendish's contributions to physics--other than elec-
tricity--by far the best known is his determination, in 1798
(Philosophical Transactions, Vol.l7 ), of the weight of the
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the earth—4or,'as it is now referred to, the Universal

Gravitation Constant. This was a superb experimental

- achievement which must have demanded thorough and patlent

attention to both principle and detail, and scrupulous
honesty in observation and measurement. His result was not
significantly bettered for nearly 100 years.

From the accounts of his contemporarles, Cavendish died

(1810) as he lived: simply, gquietly, alone; 1ntellectually
and dispassionately fully aware of what was happening, -
regarding his own death as a natural event in the rationals
utiiversal scheme of thlngs.

1766 -

1767
1771

1772

1776
1776

1783

1783
1784
1786

1785
1788

1788
1790
1792
1797
1798
1809

Scientific Papers ofIHenry Cavendish Published During

His Life-time (cf. Ref. 2)

"Three papers containing Experiments on Factitious Airs”

" "BExperiments on Rathbone Plan Water" (analysis of pump water)

"An Attempt to Explain Some of the Phenomena of Electricity
by Means of a Elastic Fluid." (Phil. Trans. 61)

"Experiments on Fixed Air, ox that Species of Factitious Air

which is Produced from Albative Substances, by
Solution in Acids or by Calcination."

"Attempts to Imitate the Effects of the Torpedo." (PT 66)

"An Account of the Meteorological Instruments Used at
the Rovyal Society's House,"

"Observations on Mr. Hutchin's Experiments for Determining
the Degree of Cold at which Quicksilver Freezes" (PT 73)

""An Account of a New Eudiometer.“

"Experiments on Air. (pT 74) :
"An Account of Experiments made by Mr. John McNab at Hurley

House, Hudson's Bay Relatlng to Free21ng Mixture (PT 76)

"Experiments on Air, second series.'
' An Account of Experiments made by Mr. John McNab at
Albany Post, Hudson's Bay Relative to the Freezing
of Nitrous and Vitriolic Acids." (PT 78)
"On the Conversion of Mixtures." (PT 78)
"Height of a LUminous Arch." (Aurora Borealis, 1784) (PT 80).

"The Civil Year of the Hindoos.

"A Method for Reducing Lunar Distances."
"Experiments to Determinate the Density of the Earth."(PT17 )
"On the Division of Astronomical Instruments."

ALIL PAPERS WERE PUBLISHED IN THE PHILOSOPHICAL TRANSACTIONS OF THE .

ROYAL SOCIETY (P.T.)
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S IITI Electrical Science in the Mid-18th Centurz

The history of electricity up to the time of the discovery
of the Leyden Jar and the great advances made by Benjamin Franklin
and his contemporaries (1747-1755) has been sketched in connection
with those pioneer investigations.* Here we shall briefly sum-
marize the conclusions of these works and indicate how these were
appraised, extended, and revised in the couple of decades that
elapsed. before the publlcatlon of CaVendlsh g first paper on
electricity.

By the end of the Franklin period, the general picture had -
emerged of electricity as some sort of "fluid" (imponderable!
invisible!} of which ordinary bodies "in equilibrio" had a normal
complement, but which by suitable physical agencies (typically
rubbing) could be transferred from one body to another. In this.
way electrified bodies were produced: those with an excess of
electric "fluid" were designated "positively electrified," and
~those with a deficit, "negatively electrified"! In all such
processes no electric fluid was created; it was only transferred '
Electrified bodies represented a disturbed state, one of dis-
equilibrium, which if the opportunity were provided, would return
to the normal equilibrium state by transfer of electric fluid
from the region of the excess to that of the deficit, i.e. the
dissolution of the state of electrification, or the "discharge"- _
of the electrified bodies. For such discharge to occur, a physical
medium--a "conductor" of electricity in which the electric fluid .
could move readily--was required. All metals and some other
substances were conducters; many other bodies (insulators) were
not, unless the electric disequilibrium was so great that a -
violent, disruptive discharge occurred (e.g. a spark discharge:
through air). Bodies easily electrified (by rubbing)<"electrics
per se'"——were not good conductors, and vice-versa. Different
parts of the electric fluid appeared to mutually repel each other;
as a consegqguence, the electric fluid on a "charged" conductor
would reside on--or near--the surface.

All observations were consistent with the assumption of a
single electric fluid. This was the hypothesis that Franklin
adopted, although those who supported the rival theory of two
sorts of electric fluid were quick to point out that the experi-
ments, and Franklin's arguments, were not uneguivocal in the matter.
Posgsibly the single fluid hypothesis was the simplest and most
appealing~—-especially for the limited range of phenomena studied
by Franklin. But the "existence" {(already discovered about 1730

¥ ¢.f. History of Physics Laboratory. Notes for the experiments on;
Benjamin Franklin and the Conservation of Electr1c1ty Ref. 3.
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by Dufay) of two sorts of electricity, vitreous and
resinous (Franklin was unaware of this until after most
"of his researches had been completed. cf. Ref. 3, p. )},
somewhat diminished the appeal of the one~fluid theory,
notwithstanding the ready identification of vitreous with
"positive" and resinous with "negative" electrification.

The chief difficulty lay with the wholly inadequate
understanding of the forces between electrified (positive
or negative) objects. The one fluid theory was an excellent.
working hypothesis in matters to do with the initial and
final dispositions of electricity, and its (mechanically
unobservable) transfer. But since the one-fluid model
identified resinous with a deficit of fluid, it was hard to
understand why two bodies, both resinously charged, would
repel each other. 1In fact the generally observed symmetry--
as far as forces were concerned--between vitrious (excess)
and resinous (deficit) charged bodies was gquite a mystery
for the one-fluid theory. On the other hand a (symmetrical)
two-fluid theory was tailor-made to explain such an experi-

mental fact.

The one-fluid theory could be rescued from this difficulty

by postulating that, in addition to the (repulsive) forces
between the particles of the electric fluid, and the forces
(attractive) between these and the ("fixed") particles of
ordinary matter, these latter also exercised, at "large"
distances, a mutual repulsion on each other. It need hardly
be said that there was some reluctance to countenance such
'a drastic assumption, one that seemed to contradict the
impressively confirmed, well-entrenched, Newtonian Law of
universal (gravitational) attraction between all particles
of (ordinary) matter. Any proposal that even appeared to
challenge the authority of a Newtonian principle was likely,
in the mid-18th century, to be received with more than a
little scepticism, if not with contemptuous dismissal. _The
notion--so commonplace today--that there could be a precise
symmetry between the electrical forces of repulsion acting
between the residual {positively charged) particles of.
"ordinary" matter and the same repulsion between the (nega-
tively charged particles of the electric fluid would un-
doubtedly have seemed an extraordinary hypothesis. "How could
it happen that two such different entities--the "ordinary"
matter and the electric "fluid" could exhibit identical
forces? Only reluctantly was the concept of forces between
the ordinary particles of matter accepted as an inescapable
hypothesis, one which it was necessary to accept in order
to interpret the observed phenomena.

[ 5
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Apart from this manifest dilemma, there was also
a general obscurity, or at best a very incomplete
uncerstanding of the quantitative features of these
"electrical" forces-~the manner in which their influence
extended into space. For some time, this confusion was
compounded by lack of a clear distinction between the
spread of the electric fluid itself and the range over which
its forces were exhibited (e.g. the concept of "electric
atmosphere” so popular with Franklin). There was still :
apparently, in some guarters, a reluctance to accept the S
(Newtonian) concept of action at a distance for the electric !
particles; or perhaps a feeling that this abstraction might
" be avoided in the explanation of electricity. . After all,
Newton and gravitation notwithstanding, a "real" explanation
of forces in terms of contiguous interaction has alwavs re-
tained its appeal; (and indeed--in a far more sophisticated
and abstract form--is the assumed nr1n01p1e for all inter-
actions today! "Action at a distance" is a feature of pre-
Einsteinian vphysics!)

In the period between 1750 and 1770 a variety of ex-
periments by Benjamin Wilson, Robert Svyvmmers and John Canton
(in London), Ebenezer Kinnersley (in Philadelphia), Franz
Ulrich Aepinus (in Berlin), and Johann Wilke ({(in Stockholm)
had done much to clarify the general nature of electric
forces, and to connect some of the obscurities and niscon- -
ceptions about these which were associated with Franklin's
ideas. Wilson (1759/60) experimentally demonstrated that the
"impermeability" of glass to the transmission of electricitv--
which played such a central role in Franklin's theories~-
was not always true. This was simply shown by rubbing (and
so charging) one side of a sheet of glass, and drawing off
charge from the other. Whether or not this "leakage" of
charge through glass (which is of course a relatively slow
" phenomenon) is significant--in-a quantitative sense~-in
the interpretation of the Leyden Jar action, Wilson does not
consider; but his observations and criticism do stimulate more
guantitative enquiries about the electrical properties of
materials, in contrast with the earlier tendency toward ex-
planation in terms of "absolute", ideal, qualitative features.
Thus Aepinus--in a letter to Wilson (1761)--corrxectly inter-
prets Franklin's concept of impermeability in a relative
sense: glass is impermeable when compared with the "ease"
with which it moves in the wire (or the spark in air) whlch
forms part of the discharging circuit of the Leyden Jar.
Symmers (1760) seems to have been the first actually "to
measure, mechanically, large electrical forces, although the
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- the circumstances of his experiments are rather bizarre.
He had happened (whilst in mourning), to be wearing two

- pairs of stockings--white silk ones covered by black
worsted,--and had observed that when he removed his stockings,
and separated them (in front of a fire), both crackled and
sparked, i.e. they were electrically charged. Moreover .
their charges were "opposite”--under some circumstances
considerable force was required to separate them. Symmers
investigated the .circumstance of this electrification--
and measured these forces. He found after a time that he’
could dispense with his leg--or even with his arm which he
nad found to be equally effective--as a piece of apparatus.
In due course he was led to study the "electrical cohesion”
between glass plates whose outer surfaces are covered with
charged metal-foils. All this is of topical interest in

 connection with the electrical forces inside, or at the
surface of, an electrically charged body: but Symmer's con-
cepts are rather naive, and the time is not yet opportune
for any serious interpretation of such subtleties. :

More directly related to the question of the law of
force between particles of electrical £1luid, and electrified
objects themselves (and also contributing very materially
to the technique of electrical measurement) are Canton's
experiments (1753) --repeated, extended, and interpreted
later by Wilke and Aepinus--on electrification without
actual contact (i.e., in later terminology, electrification

by "induction"). The essential features here are that the
presence if a charged object Q
" near an extended (insulated)
conductor, results in a xharge

of the opposite sign at the
proximate points and of the same
sign at the distant ones; and
that this “"separation" of charges
persists only as long as O
remains nearby. Canton's inter-
pretation was in terms of the ambiguous "electrical atmos-
pheres," but Aepinus (1759) clearly perceived that the phenomena
could be more clearly explained in terms of electrical forces
acting between (Q and the (mobile) electric fluid in the con-=
ductor. This also provided a natural interpretation of
Wilke's observation that if the conductor were momentarily
"touched" {i.e. electrically "grounded") at any point, O
remaining in position, then the conductor became permanently
charged. Incidentally these observations--like all those
made before--and most of those made for 100 years or so after-
wards!--could be interpreted in the language of either the
one fluid or the two fluid theories, provided appropriate
assumptions are made about the forces between the particles
of electric fluid, those of the "ordinary matter," and between
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particles of one sort and the other. Aeplnus did indeed
sketch out such a theory (Ref. 6) which is essentially.

the same as that which Cavendish later more fully develops
(p. 21 below).

Aepinus and Wilke, working together in Berlin, also
demonstrated that an arrangement of two flat parallel metal
gsurfaces (one insulated and one "grounded") separated by a
“small air gap could act as a Leyden Jar, without the use of
glass. The particular properties of glass (or any similar
substance) were thus eliminated from the interpretation, and
instead the action could be explained in terms of electrical
forces acting at a distance. The concept of "electrical
atmospheres™ surrounding charged objects is here again disposed
of as 1rrelevant (Ref. 4a, p. 286 et seq.)

Wilke, applying these basic ideas of his mentor (Aepinus)
showed how to interpret numerous further experiments in elec-
tricity-~-including a method for generating indefinite quanti-
ties of electricity by induction (the forerunner of many
such 'induction machines' of the late 18th and 19th centuries.)
He also appears to have anticipated some features of the action
of "dielectric" (i.e. an insulating material in an electric
field) proposed long afterward by Michael Faraday (Ref. 3, p.52).

Whilst this work of Aepinus et al.firmly established the
superiority of the clear principle of "action at a distance"
to the obscure notion of "electric atmospheres," it lacked any
assumption about the dependence of the electric force on distance,
-and consequently any of the predictions that might result from
such an assumption. The first explicit suggestion that the
law-of-force between particles. of electricity (and, in the
Aepinus theory, also therefore between particles of ordinary
matter) was apparently made by the famous "chemist" Joseph
Priestley in 1767 (Ref. 4b pp.372-376 ). He repeats an experi-
ment of which Benjamin Franklin has sent him an account seeking
Priestley's advice. The experiment is a simple one: cork or.
pith balls (a la Canton) suspended inside an electrified tin cup,
appear. in no way to be influenced by the electricity. Neither
do they acquire. any electricity
if suspended in the cup for a
long time, and removed after
the cup is discharged; and only
a very minute charge if they
have at some time touched the
2027 ' inner surface of the cup.

Priestley boldly and brilliantly draws the correct conclusion:

"May we not infer from this experiment, that the attraction
of electricity is subject to the same laws as that of gra-
vitation, and it is therefore according to the squares of
the distances; since it is easily demonstrated, that were
the earth in the form of a shell, a body in the middle of
it would not be attracted to one 51de more than another.
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The demonstration of this proposition was indeed one of
the important achievements of Newton. {(Principia, Proposition
LXX, Theorem XXX)

It hardly]escaped the notice of many investigators

{Aepinus especially) that there were many analogies between
electric and magnetic interactions--but there are important
differences. Moreover, the suggestion——with experimental
- confirmation--that the law of inverse squares applied to

magnetlc forces had alreacdy been proposed by John Michell-
in 1750 (Ref. 5) and had been confirmed or affirmed by
several other investigators in the subsequent decade or two

(Ref. 3, pp. 53, 56-67). With Newton's example and authority
before them, and with Michell's and Priestley's demonstrations
for magnetism and electricity respectively, it was not diffi-
cult to understand why the law of inverse squares was the.
"natural" one to adopt--once a general physical scheme for -action
at a distance had been arrived at. WNevertheless, a clear, quanti-
tative, unequivocal, experimental demonstration that this was
the law of electricity, and an appreciation--and formal demon-
stration--of the implications of this law for the distribution
of electricity on conducting bodies had yet to be made. This
was the achievement of Henry Cavendish.

IV.. The Cavendish-Aepinus Theory

{(Cavendish: "An Attempt to Explain Some of the Phenomena of
of Electricity by Means of an Elastic Fluid"
Phil. Trans. 1771.)%*

(Aepinus: "Testamen Theoriae Electricitatis et Magnetismi,"”
1759.) +

The full account of Cavendish's experimental demonstration
of the inverse-square-law for electricity, unlike many of his
other electrical researches, was not published until a century
after it was performed. . -

But his fundamental analysis of electrical phenomena in
the two major and lengthy papers he did publish (in 1771 and
1776) contains not only a fully developed theory, based on a
few clearly formulated principles and assumptions; but also gives

*J.C. Maxwell's commentary on Cavendish's theory is appended
_ (Appendix p.%0 ).
+A good (English} account of Aepinus's theory is goven in John
Robinson's (1739-1805) 'System of 'Mechanical Philosophy'
(1804/1822) This is based on his Encyclopedia Brittanica
articles on Electr1Clty Magnetism etc. (1803).



18

a clear indication that much of his theory had been
confirmed by experiments, that he had already (in 1771)-
performed. It is perhaps the extraordinary wealth of experi-
mental information and ideas which were subsequently dis-
closed in his unpublished papers, that have helped create

the impression that Cavendish discovered so much but dis-
closed so little. But there is little doubt that many who
followed him owed much--and often more than was explicitly
acknowledged--to Cavendish's work . (cf. p. 33 for example).

Cavendish's electrical experiments--and his demonstration
of the inverse-square-law in particular, are not isolated oxr
disconnected experiments. They all relate to a general
theory of the distribution of electricity, and the forces
between electrified bodies(p.32). The theory is couched in
terms ofthe ideas and terminology of the Newtonian Mechanics
of his day, but it is remarkable how, with the proper trans-
lation of a few terms into their modern counterparts,  the
whole logical structure which he creates and exploits, leads
to perfectly intelligible and quite valid conclusions. The
most "archaic" feature of this theory is its terminology.

Some of the basic features of cavendish's theory coincide,
as already remarked, with those of Aepinus' theory; but as
Cavendish justly remarks, his own development takes the sub-
ject much further, especially in respect of guantitative argu-
ments. We shall summarize the theory, then, in the form in
which Cavendish presents it. '

As a basis, he adopts Franklin's one-~fluid model. This
- does not, however, imply that agreement between his theory
and experiment is necessarily decisive as between one and

two fluid theories. Apart from the basic postulates of the
‘theory, there are additional, arbitrary assumptions-—-for
example the manner in which electricity is constrained from
leaving a charged conductor, or the maximum density of fluid
which must be present in a conductor--which have to be invoked;
and these may be much easier to envisage, or less arbitrarily
justified, in the one fluid than in the two fluid model. But
in either model some arbitrariness is invoked.

The basic principles are -lucidly and succinctly stated:

by Cavendish at the outset:
H 3) There is a substance; which I call the electric
fluid, the particles of which repel each other and attract
the particles of all other matter with a force inversely
as some less power of the distance than the cube: the
particles of all other matter also, repel each other, and
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and attract those of the electric fluid, with a-
force varying according to the same power of the
distances. Or, to express it more concisely, if
you look upon the electric fluid as matter of a contrary
kind to other matter, the particles of all matter,
both those of the electric fluid and of other matter,
repel particles of the same kind, and attract those
of a contrary kind, with a force inversely as some less
power of the distance than the cube. - o
o 4) For the future, I would be understood never to
comprehend the electric fluid under the word matter,

but only some other sort of matter. .

5) It is indifferent whether you suppose all sorts

of matter to be indued in an equal degree with the fore-
going attraction and repulsion, or whether you suppose
some sorts to be indued with it in a greater degree than
others; but it is likely that the electric fluid is B
indued with this property in a much greater degree than
other matter; for in all probability the weight of the
electric fluid in any body bears but a very small pro-
portion to the weight of the matter; but yet the foxce
with which the electriec fluid therein attracts any particle
of matter must be equal to the force with which the matter
therein repels that particle; otherwise the body would
appear electrical, as will be shewn hereafter.

, To explain this hypothesis more fully, suppose that

1 grain of electric fluid attracts a particle of matter

at a given distance, with as much force as n grains of

any matter, lead for instance, repel it: then will 1 grain
of electric fluid repel a particle of electric fluid with
as much force as n grains of lead attract it; and 1 grain
_of electric fluid will repel 1 grain of electric fluid with.
as much force as n grains of lead repel n grains of lead.

6) All bodies in their natural state with regard to
electricity, contain such a guantity of electric fluid
interspersed between theilr particles, that the attraction
of the electric fluid in any small part of the body on a
given particle of matter shall be equal to the repulsion
of the matter in the same small part on the same particle.
A body in this state I call saturated with electric fluid:
if the body contains more than this quantity of electric
fluid, I call if overcharged: if less, I ¢call it under-
_charged. This is the hypothesis; 1 now proceed to examine
the consequences which will flow from it. ¥ ' :

- (ref.2 p.3/4)

The significance of the term "elastic fluid" used in the
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title is illuminated by some of Cavendish's un-

published papers, written before, entitled "Thoughts
Concerning Electricity" (Ref.2 pp. 94-103). From

these it appears that Cavendish may have originally
conceived the electric fluid theory through the mutual
repulsion of its parts as exerting "mechanical”

pressure on contiguous parts of the fluid, in analogy
with the "hydrostatic" forces in familiar "mechanical"
fluids. TIn this situation, such forces act "locally"--
i.e. across the boundary between one fluid element and
another. (Long-range "body" forces--such as gravity--
may also-act,typically-from outside ).In the actual
development -0f the theory such "hydrostatic" forces are
not invoked. The electrical forces are those acting be-
tween any one particle and all other particles at whatever
distance; although distant particles have diminishing
influence in accord with some law of reduction of force
with distance. In this snse, Cavendish's is a correct
theory of electrostatics.* 'The sense in which Cavendish's
"slectric fluid" is "elastic" is that more (or less) than
the normal amount (i.e. the amount which an uncharged
body possesses--what Cavendish terms the "saturated"”
amount) can be "compressed" into a given body. There is

" also an implied limit to the maximum density of the fluid
but this concerns some secondary assumptions of the theory
which do not necessarily affect its validity. Cavendish
seems to have changed the essential basis of his theory,
although he retained (forgetfully?) the term "elastic" in
the title.**

In contrast, more than 50 years after Cavendish, and
possibly misled by the term "Fluid," Ohm treats the flow
of electricity (galvanic current) in terms of such a "local-
pressure" model.
It is important to recognize that even in the "classical"
theory of electrostatics as expounded today, there are
some (often partly hidden) assumptions which do not form
part of the theory proper.For example, what forces prevent
the electric charge from leaving a charged conductor in vacuo?
What is the thickness of the layer of surface charge on a
conductor? Is there a maximum amount of displaceable charge
in a conductor? We recognize today that the answer to these
questions includes detailed atomic, quantum-mechanical consid-
erations, far outside the domain of classical electricity.
But recognition of the distinction of what must be the
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A most important theorem which Cavendish proves
at the outset (Ref. 2. p.5) is intimately related to
this notion of "fluid pressure." He considers any
point in .a  region of uniform ° (or approximately so,
over a small region) charge; and shows that if the law
of force is inverse r1, then for n«3, the effect of the
- forces due to the (infinitesimal) local region are un-
important, in comparison with the forces due to the bulk
of the electricity at finite distances, whereas for n 73,
the reverse is true (i.e. the force would be local).
Thus the assumption that the force is "inversely as
some less power of the distance than the cube"--in §‘3,

‘quoted above,--is essential to the theory of what one .

‘might call "long range" electrostatic forces, in contrast
to a short range "hydrostatic pressure" type theory. .

Since this is so fundamental to the whole theory,
we give the proof in Cavenidsh's terms, only substituting
contemporary terms for the archaic, Newtonian, terms:
fluxion, fluent, etc. :

P is a point in the region of  charge density P
which, locally,does not vary abruptly. PEe is a cone of
small half—angle,19 _ :

P S0

- The charge in frustrum at distance x from P is: 7.!']0 éx'ﬂ) £¥
The force due to this on a "particle” at P will then be
proportional to W@#*PX*dH/X™ |  The total force on all
the charge in the cone out to a distance a will be: -

Lotk dx = MBI n-3)

Clearly, if n < 3, this force vanishes as a becomes small;
i.e, "local" charges have vanishingly small effect.
Conversely, if n >3, only the "local"” effects are significant.
Formally, in this case they become infinite! In actuality
one would need--in such an eventuality--to understand the
granular structure of the charge distribution bkefore any
physical significance could be given to this type of cal-

' tailed physical investigations, and .
iﬁgiegzuig g:tcreateg Zn the basig.of formql Sldeallzed)
assumptions, was not easily made 1n'Cayendlsh s dayé hese
Tndeed a clear recognition of the distinct nature oI tﬁe
different types of problems has only_slowly.emerged in the

subsegquent two centuries.
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culation.,* 3 o _ :
From his basic assumptions Cavendish shows that
there is an overall symmetry between "overcharged" and
"undercharged” bodies and that for the consideration of
forces between bodies, one only need consider the actual
surplus or deficit of charge. All this is consistent
with the experimental observations of the forces between
like and unlike charged bodies. ‘
Of immediate significance for the law of force
between charges is the demonstration (c.f. Newton's
theorem for inverse-square-law forces, p. 20 above) --
that from the inverse-square-law it follows that in equil-
ibrium, all the excess ( or deficiency) of charge on an
electrified spherical conductor will lie on a surface _
layer. Inside this layer, i.e. throughout the bulk of the
_ material, the conductor will be uncharged (in Cavendish's
terminology, "saturated" with electric fluid). Any law
other than the inverse-square could not give the necessary
equilibrium conditions for the ("saturated") fluid inside.* %
For n>» 2, Cavendish asserts that a charge inside would "be
impelled towards the centre"; conversely for n< 2, "it
would be impelled from the centre." (This result is a gen-
-eralization of the proposition that for a hollow, spherical,
charged conductor, there is no electrical "field" inside.
It was from a general experimental observation of this sort--
that there is no electrical force inside a closed hollow
conductor of any. shape, that Priestley conjectured the
inverse-square-law--Cf. p. 20 above.) . _
' It should be noted that there is a great difference
between the elementary proof, as found in any textbook, that
a uniform spherical layer of charge produced no electric
force inside the sphere-~-if the force law is inverse square;
and the more general problem of what would bé the actual
distribution of charge in a solid (spnerical) object if the
force law is not inverse-square.**#It is obvious that in

*¥Such situations do exist in physics! Forces (ultimately
electrical) between atoms can be expressed--approgimately--as

_ of the r" type,. and with n ?3. This corresponds to the "short
rarge" forces which are responsible for the cohesion of solids,
etc. These are not considered in the domain of "classical

electrostatics”.

%¥%0r, in current terminology, would not create a zero electric
field inside the conductor; which is necessary, since only
then could there be electrostatic equilibrium.

X#xxcf, Appendix p. 50
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this latter case, an equilibrium, uniform surface distri-
bution of charge is consistent with an inverse-square-law;

but is this the only law that is so consistent? Cavendish
attempts to calculate the actual distribution for any n '
between 2 and 3. Apart from the analytical problems such

a problem poses, he becomes involved, unavoidably , with the
specific (unverifiable!) features of the theoretical model:
Just how compressed can a "surface layer" be? What are the
other "forces": those which prevent the charge from leaving

the surface; and those which determine the ultimate maximum

(or minimum) possible density of charge under any circumstances?
As for the latter, he postulates that there is a maximum
“amount of "fluid" which may be compressed into any body, that
is to say, at some very short (atomic?) distance the particles
of electric fluid must begin to repel each other more strongly
than the inverse-square-law implies! 1In the case of an under-
.charged body, he assumes a finite limit to the amount of

fluid in body and therefore a finite limit to the depletion.
Both assumptions lead to the same formal result when the

law is inverse-square: In either overcharged or undercharged
conductors, the electrified (i.e. the "non-gaturated")

region is a thin layer at or very near the surface—--ideally

the surface itself--whose exact thickness (not measureable
experimentally) depends on considerations other than the

formal assumptions of the theory and the law of inverse squares.
(This same feature exists in classical electrostatic theory -
today.) '

 For nat 2, different models yield different results.

A complete treatment beyond the range of mid-18th century
mathematics. The first formal analysis of this problem was
made by Green (of the celebrated Green's function) in 1833 ,
using a symmetrical two fluid theory. . Maxwell (Ref. 2 p. 368)%
in his presentation of this ‘analysis, comments that Cavendish's
speculative conclusions are qualitatively correct.

- To ensure that no charge leaves the surface--a con-
dition that is applicable to all charged conductors in insul-
ating surroundings--Cavendish invokes the "impenetrability"
of the surrounding atmosphere to the electric fluid; or more

"generally: - :

" 1T shall always suppose the bodies I speak of to
consist of solid matter, confined to the same spot,
50 as not to be able to alter its shape or situation
by the attraction or repulsion of ctler bodies on
it: I shall also suppose the electric fluid in
these bodies to be moveable, but unable to escape,
unless when otherwise expressed. As for the matter
in all the rest of the universe, I shall suppose it -
to be saturated with immoveable fluid/Z (p. 16/17 Ref. 2)

* Appendix p. 50
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“”(Cavendlsh implies, earlier in this .context, that if the
fluid in the surrounding -air is capable of some (limited?)
movement, the sphere will be surrounded with an infinitesi-
mally thin layer of electricity of the opposite sort. This
notion-~had it been elaborated --might have led to the concept
of "polarisation" of charge rather than free charge. But
the general concept of “dlsplacement" and "polarlzatlon of
charge is nowhere clearly developed in this work. It is
not introduced until 70 years later, by Faraday.)

In general= probably, as Maxwell comments, because
electrified bodies lost charge due to poor insulation-——a
much greater role was attributed to the air in the theories
‘of this period than was properly justified. As techniques
improved, this usually extraneous; factor was gradually
eliminated. ! N

" In the further development of this theory, Cavendish
examines the distribution of electricity in a variety of
other arrangements, which appear less immediately related
to the question of the law-of-force, but are, in fact,
extremely important in this context, since many of the
results Cavendish arrives at, although formulated for any
value of n between 2 and 3, are only consistent with experlment
--gven qualitatively--if the law is actually inverse-square.
For example, for parallel plates with different charges, he
concludes :

From the... foregoing problems it seems likely, .
that if the electric attraction or repulsion is
‘inversely as the square of the distance, almost
all the redundant fluid in the body will: be’ lodged
close to the surface, and there pressed close  together,
and the rest of the body will be saturated. If the
repulsion is inversely as some power of the distance
between the square and the cube, it is likely that
all parts of the body will be overcharged: and if it
is inversely as some less power than the square,; it
is likely that all parts of the body, except those
near the surface, will be undercharged. (p. 17)

- - - - - . -

A most important concept, in relating a theory of
the distribution of electricity to actual observations, is
that of a connecting wire made of material which is electrically
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conducting. The principle by which the correspondence is |
to be made here between theory and experiment 1s often
dismissed quite cavalierly: a&apart from specifying that

the wire be there, the particular form it takes is assumed
unimportant--it simply "connects" (electrically) two

(or more) electrified bodies. Itself, it carries essen-
tially no charge. It is not difficult to - -justify these
assumptions in the usual theory of electrostatics. One
51mp1y argues that such an "ideal" wire maintains the con-.
hected conductors at the same "potential.” But in the early
development of the subject, when concepts we now take for
granted were in the process of being formed, and when it was
by no means easy to discover just what approx1mat10ns were
physically useful or justifiable, many of the guestions whose
answers we now take for granted--or even dismiss without con-
gideration at all--needed to be, and were in fact, more care- .
fully scrutinized. : '

Cavendish defines a "canal" as follows:

By a canal, I mean a slender thread of matter, of

such kind that the electric fluid shall be able to
move readily along it, but shall not be able to escape
from it, except at the ends, where it communicates
with other bodies. Thus, when I say that two bodies
communicate with each other by a. canal, I mean that
the fluid shall be able to pass readily from one body
to the other by that canal. (Ref. 2, p. 17) :

To understand the essential features and function of
such a connecting "canal" it is no surprise to find
that Cavendish has to establish a concept equivalent to that
of "potential": in his words, "degree of electrification."
It is in this context that Cavendish defines the terms
"positively" and "negatively" electrified. '

In order to judge whether any body, as A, is positively
or negatively electrified: suppose another body B,

of a'given shape and size, to be placed at an infinite
distance from it, and from any other over or under-
charged body; and let B contain the same quantity of
electric fluid as if it communicated with A by a canal
of incompressible fluid: then, if B is overcharged, I
call A positively electrified: and if it is undercharged
I call A negatively electrified; and the greater the
degree in which B is over or undercharged, the greater
the degree in which A is positively or negatively
electrified. (Ref. 2, p. 45)
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This definition is completely equivalent to that of
the sign of the "potential” in current terminology. The
potential of an object at "infinite distance" is positive
or negative according as its total charge (algebraically) _
is greater or less than zero (i.e. "over" or "under-charged").
The "canal of incompressible fluid" is equivalent to an
ideal wire which ensures that the two bodies are at the same
potential. The significance of "incompressibility" may not
be at once obvious: it is not so much a question of the
forces exerted on or by the fluid, as a statement that there
is neither less nor more than the saturation amount of "fluid"
in the "canal,"* i.e. the connecting wire carries no signifi-
cant charge, - S
. Equipped with these concepts: conductor and insulator,
'lover-charged’ and 'undercharged! ‘positively and negatively
electrified) ‘connecting canal; etc. Cavendish is able to
explain--at least qualitatively--all the typical conditions
for electrification by induction. At times the analogy,
taken literally, suggests problems which are not manifest
in "classical" electrostatics as we now understand it. For
example, what if a conductor, strongly over-charged, "drives
out” all the electric fluid from a nearby wire? This situa-
tion might be comparable to a syphon for which "the height of
the bend of the syphon above water in the vessel is greater
than that to which water will rise in vacuo." Today, we
would regard such extreme limiting conditions as far beyond
the realm of conventional electrostatics; and indeed Cavendish
also implies that he is normally congidering only small de-
partures from the equilibrium ("saturation"} distribution o#
-electricity. This is, of course the region where electrostaticg—-—
-and the usual concepts of conductors and insulators--do, in
fact, apply. , '
The analysis is not limited to qualitative considerations:
in some simple geometrical configurations, precise quantitative

* It is worth commenting again that the residue of terms such

as "elastic fluid," "canal" suggest a picture of mechanical
motion in the "hydrostatic" type pressures. This is probably
the way Cavendish originally conceived his theory: as pre-
viously mentiocned, parts of his unpublished "Thoughts on
Electricity" suggest this. But having started to develop such

a theory he soon shows that such a theory, which implied local
forces between -contiguous matter, required shorter ranged forces,
n >3, than seemed likely. On the other hand n ¢ 2 leads to all
sorts of contradictions. Thus only for 24 n <3 does a realig-
tic action-at-a-distance theory seem possible. This is the
range of n that Cavendish considers throughout. Tt clearly ex-
cludes the possibility of a hydrostatic fluid-pressure model:
although Cavendish seems to have left behind in his terminology
occasional traces of the concepts with which he began his inves-
tigations, but which these same investigations forced him to discard.
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results are given, (Newtonian fluxions are used in these
analyses). . Thus for a uniformly charged disc, the force
on the charged particle on the axis (at P) is shown to be

proportional to: ' :
2-7)1) s ""j .;:_’19‘;@
Fopen]
(the force law is 1/rP; with 2<n< 3). For points close to

the disc (i.e.¥~"W2), it is pointed out that the force is
the same as would be produced by an infinite disc.

For n=2, the force near the surface is proportional to
(1-Cos 1% ):; and is, therefore, near the disc, a direct
measure of the charge surface-density. (The important
theorem was "rediscovered" and exploited by later investigators.)
The analysis is extended to the consideration of the forces
on a column of charge, and to a charge distributed directly
over the perimeter of the disc--both useful idealizations of
practica. cases. It is also shown that for geometrically
similar conductors, the equilibrium (i.e. static) distribution
of charge is likewise similar--assuming in both cases the sur-
plus charge (or deficit) resides on a surface layer of negli-
gible thickness. (The only proviso made generally, is that
the surplus or deficit of electric fluid is small compared
to the total--"saturation"--quantity.)

Another important theorem is proved, one perhaps self~
evident today, but certainly not to Cavendish's contemporaries,
or even to those writing on electricity in the succeeding
couple of decades! Any two {conducting) bodies A,B are con-
nected by an ideal "canal" of any shape: the distribution of

charge between A,B (whether a total excess or deficiency) 1is

independent of the material of A,B. " Consideration of the eguil-
ibrium of the "fiuid" in the connecting wire (all points are af

the same "potential") makes it possible to consider the ratio of the
charges of two effectively infinitely separated bodies con- ”
nected by a long ideal wire, and therefore at the same potential.
This then, in later terminology, is the ratio of the capacities

of the two bodies. Only simple, symmetrical systems could be
treated analytically. Cavendish considers a system of axial
symmetry: two similar bodies b,B, well separated and joined

by a wire along. the line of axial gymmetry.

The overall excess (or deficit) ofufluid is shared by the two
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podies in the ratio . (B/b)N~1l, where B,b represent similar

" dimensions and the law of force is 1/rT; 2&n< 3. For n=2
we have the well-known result: Capacity ( = charge/potential)
is proportional to linear dimension.*

As a corollary, it is shown that the capacity of a flat
plate (thichness<<size) is independent of thickness; that for
two plates close together connected to other bodies, equal :
and opposite and uniformly distributed charges will, reside on qp',

'f"'-ﬂ,’@
"!I"‘“““”’i ./
| citC

and small charges on A,B. This is the essence of the "condensor."

It is also shown that for a small plate connected to the surface
of a large conductor thus:

the charge on the plate is. independent of its thickness; a result
which is essentially the basis of Couloumb’s later 'invention’
of the "proof-plane.” '

Cavendish is well aware of the dependence of his "theorems”
on the assumption of ideal "canals" with "incompressible fluids"
(i.e. carrying negligible charge). He shows that if these are
"infinitely" long and used to connect conducting, bodies which
are essentially "separate," the distribution of charge between
the bodies is the same “"whether the canal, by which they com-

municate, is straight or crooked, or into whatever part of
the bodies the canal is inserted.”

This is clearly a result of immense practical importance,
but to what extent does it depend on the assumption of an
ideal canal® "I have good reason however to think," Cavendish
adds, "that the propositions actually hold good very nearly when
bodies are joined by real canals; and that whether the canals
‘are straight or crooked or in whatever direction the bodies
are situated with respect to each other; though I am by no means
able to prove that they do...some more skillful mathematician

*Cavendish refers in his writings to "inches of electricity"--

a clear recognition that electrical capacity is of the dimensions
of a length. For a fixed degree of electrification (voltage--as

determined by a standard spark-gap), this "length" then measures

the quantity of electricity (Q=CV).

History of Physics Laboratory
Barnard College



may be able to show whether they really hold good or not.
Wwhat principally. makes me think that this is the case,

is that as far as I can judge from some experiments I have
made the guantity of fluid in different bodlies agrees

very well with these propositions on a supposition that
the electric repulsion is inversely as the square of the
distance" (Ref. 2 p. 42/43).

~ Here is an uneguivocal statement not only that the law of
- inverse squares has been confirmed experimentally, and a clear
indication (by studying the distribution of charges in equil--
ibrio) of how it has been done, but also an affirmation that
the basic approximation used in the course of these tests
has itself been subject to test: "It should alsc seem from
these experiments, that the quantity of redundant or deficient
fluid in two bodies bore very nearly the same proportion '
to each other, whatever is the shape of the canal..."(Ref. 2 p.43).

We now know that Cavendish's unpublished papers--later edited
by Clerk Maxwell--just how detailed and thorough were these
experiments. But. even without these details, Cavendish has
clearly demonstrated the validity of the inverse~square~law;
and perhaps even more significant, how in principle it
can be demonstrated with extreme precision. As we shall see
later, the principle of Cavendish's method provides--still
today--the most sensitive test of this law.

In the second, less formal, part of this long paper, sub-

titled "Containing a Comparison of the Foregoing Theory with

. Experiment", Cavendish interprets many of the earlier experi-
ments of Canton, Kinnersley, Franklin and others on electric
induction, the Leyden Jar, the effects of points, etc.
(Ref. 2 p. 53). In many cases the interpretation rests only
on the qualitative features of his one~-fluid theory, and the
tacit assumption of the existence of bodies that are conduc-
tors or insulators. (” What this difference in bodies is owing
to I do not pretend to explain.") Although the explicit
assumption of an inverse-square-law is not required--nor
used—-—in most cases, little doubt is left that it is this law
that is assumed and that conforms best with experiments. For .
exanple, in explaining the discharging action of sharp points,
Cavendish writes:.

» .. if two similar bodies of different sizes are placed
at a very great distance from each other, and connected
by a slender canal, and overcharged, the force with which
a particle of fluid placed close to corresponding parts
of their surface is repelled from them, ig inversely as



the corresponding diameters of the bodies. If the
distance of the two bodies is small, there is not so
much differcence in the force with which the particle
is repelled by the two bodies; but still, if the
diameters of the two bodies are very different, the
particle will be repelled with much more force from
the smaller body than from the larger.. It is true
indeed that a particle placed at a certain distance
from the smaller body, will be repelled with less
‘force than if it be placed at the same distance from

_the greater body; but this distance is, I believe,

in most cases pretty considerable; if the bodies are

spherical, and the repulsion inversely as the square
of the distance, a particle placed at any
‘distance from the surface of the smaller body less
than a mean proportional between the radil of the
. two bodies, will be repelled from it with more force
than if it be placed at the same distance from the
larger body." (Ref. 2 p. 53). '

- The only other. paper on Electricity published by Cavendish--
fhat on the "Torpedo" in 1775/6--has little direct bearing
on the law-of-force for electricity. But it can hardly
have failed to impress those of Cavendish's contemporaries
who read it, with Cavendish's great mastery of both principle
and experimental method. Had there been any doubt about
the authority of the conclusions presented in his earlier
paper, this later work must have lergely dispelled them.

The full impact of some of the other new ideas elabor-
ated in this second paper: the concept and measurement of
specific resistance; the relationship between electrical
discharge rate (i.e. current), electric force (potential
. difference) and resistance; the distinction between quantity
of charge--producing a shock--and the electrical force(tension,
or potential difference) involved --were only fully realized
much later in fact not until the discovery of voltaic elec-
tricity, ¢.1800, brought into full relief the contrast be-
tween a large flow of electricity with low potential differences,

and relatively small guantities with high potentials.

We may summarize Cavendish's contributions, and their
influence, by asserting that anyone who perceptively read
his published papers, in the 1770's, would have been left
in no doubt as to the validity of the interaction at-a-
distance of electricity, the virtual certainty of the inverse-
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square-law; and would have found the general principles
and many techniques of electrical measurement and 1nveot1m
gation a fertile source of lnsplratlon for further
experiments.* It is hard to conceive that his work was
not, in fact, so exploited.

Sketch of Apparatus for

Experiment to ascertain
the Law ¢f Force

(Ref. 2, p. 104)

< o

We might also mention that already in 1772, his authority

on matters electrical, no doubt established by his paper by

- 1771,brought him to be nominated a member of a Committee of

the Royal Society appointed to investigate protection (of the
Navy's powder magazine!) from lightning strikes. This committee
included W. Watson, E. Wilson, and Benjamin Franklin. In a
later (1777} report, Cavendish supports the Franklin view

that sharp lightning conductors are preferable to blunt ones.
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v. Proof of the Inverse Square Law

Cavendish's own description (unpublished until 1879¢%).
of his experimental proof of the inverse-square-law is of
such exemplary clarity that it needs Iittle explanation or
supplementation. Clerk Maxwell describes it as "one of the
most perfect examples of scientific exposition; truly worthy
of the experimental classic it describes...”

The apparatus we have constructed is in dimensions and
principle of operation identical with Cavendish's' and where
practicable we have used the same simple contraptions of '
silk, string, glass and sealing wax. However, we cannot '
expect to match the effort and time that Cavendish devoted to
his researches or the spacious quarters of his laboratory, .
even if one could match his skill. Moreover, there is an
atmospheric problem: Electrostatic experiments (this is not
true of the usual electro-magnetic ones. .Why?) are notoriously .
dependent on the humidity. On clear, dry, frosty days
conditions are excellent: vut on the particular day you happen
to attempt the experiment, conditions may be otherwise. The -
problem, of, course is due to the imperceptible layer of water--
a good conductor--that may condense on the surface of the (glass)
insulators and temporarily destroy their insulating properties.
In critical places we nhave then substituted modern insulating
materials--less susceptible to the climatic vagaries--for glass.
(See Experimental Notes.) Otherwise the technique, like the
principle, is Cavendish's.

The principle is simple: +wo concentric hollow spheres,
with conducting surfaces, are connected by a thin wire. A
charge (Q), say,"positive“, is deposited on the outside. If
the inverse-square-law is true it will stay there: no charge

(g) will move to the inside
sphere, his can be tested.
For the experiment to be a
sengitive test of the law,
that is for small departures
from n=2 to be detectable,
there are three criteria to be
satisfied! :

i) the geometrical arrangement should be one in which a
relatively large J results from the small departure from
the inverse-square law;

ii) the instrument used to examine  the charge g--if any-
should be as sensitive as possible; provided that

iii) extraneous charges arc not allowed to influence this
instrument; and no charge can reach the inner spnere when
it i's not enclsoed by the outer one--for example by charge
leaking slowly down the (glass) support of the inner srhere
(ofg; in fig. p. 31 above). ‘ '
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_ Cavendish typically deals with these problems by per-
ceptive design and experiment rather than by the development of
new refined instruments. In fact, he used the accepted rather
crude techniques of his day--but w1%h a great deal of intelli-
gence. _
The outer sphere is split into two hemlspheres, and each is
supported on glass stems; the inner sphere is mounted axially cn
an insulating glass rod. A .commonplace friction-machine is used
to charge the outer sphere: to detect the charge in the . inside
(afier the outer-spheres have been opened) nothing more elaborate
(or imaginative) than a pair of suspended pith-balls, as had
been used for a decade or two by Canton, Franklin and others.
Maxwell (Introduction to Ref. 2) reconstructs the picture of
the apparatus:

- It consisted of a- palr of somewhat rickety wooden frames,-
to which two hemispheres of pasteboard were fastened by
sticks of glass. By pulling a string these frames were
made to open like a book, showing within the hemispheres
of the memorable globe of 12.1 inches diameter, supported
on a glass stick as axis. By pulling the string still more,
the hemispheres were drawn quite away from the globes, and
the pith-ball electrometer was drawn up to the globe to
test its "degree of electrification." A machine so bulky,
SO brlttle, and so inelegant was not llkely to last long,
even in a lumber room." :

This last comment is a propos the fact that no trace of Caven-
dlSh'S electrical apparatus was found (in 1879) in the Royal
Institution, London, although there were still, extant, some of
his chemlcal anc¢ ‘meteorological equipment. Regardlng these and - the
pith-ball electrometer, Maxwell ‘remarks that:

. . though Cavendish had a wonderful power of making ‘
correct observations and getting accurate results with *
~ these clumsy instruments, we must confess that in these,
the most vital organs of electric research, Cavendish
showed less inventive genius than some of his contemporaries...
Cavendish did the best with the electrometers he found in
existence, but he did not invent a better one. (loc. cit.)

Cavendish does however descrlbe an ingenious modification of the -
method of using the pith-ball electrometer, which, he claims, make
it a more_sensitive detector for small charges.

Details of the electrometers used to determine the {absence
of) charge of the inside sphere:

The balls were made of pith of elder, turned round in a |
lathe, about one—fifth_of an inch in diameter. and were
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suspended by the finest linen threads that'couid
be procured, about 9 inches long. {Ref 2 '119)

A reproducible degree of electrificétion on the outer
hemisphere was established by use of a Henly Electrometer.

6559) Comparison of Henly's, Lune's,
and straw electromeater.

Sun, Mar. 28 [1773]. Th. about 38.
N, about 8. :

© . The two conductors of Nairne were
placed end to end, and Henly's elec-
trometer placed on that furthest from
globe* parullel to conductor amd the
cork poiuting from globe. The four
jars were abso joined to the nsnal wire
Swith the steaw electromeber hung to
-it, the wire and jars being placed ab
guch a distance front the cmmlnetors
that the eleclricity was found nob. to
Hlow sensibly from then to the jars.

The globe 3t was then applied to .
that cotductor neavest the globe and
electrified - till Henly’s  electrometer
stood at 90°% The globe 3 was then
removed from the conducters and ita
electricity communicated to the jursi.
- The straw electrometer sep:n'a.t.ed

< to2+4

The experiment was repented several
times and was found to agree together
pretty well, .-

The jars were tlen electrified, they
and the straw electrometer standing in
the same place, and it wus found that
Jane's eleeiroweter fastened to one of
them dischirmed at (4334 with tlit de-
gree of clectrification, the sime jar being
apphied to the contuctor and eleetrified

- till Henly's electromoter stood at 907,
Lane's discharged at 12016,

The conductors lieing then taken
away and the jars and straw electro-
meter placed in usual position, Lane’s
discharged at 1-17 when straw stood ab
2+3, and at 142 when light paper

. electrometer just scparated. The koobs - [Henly’s Electrometer, from the
touched at 04 oru:m‘all figure, PLil, Prans. 1772,
: ‘ p. 359, :

* [Of Nairne's eleetrieal machine.} :

+ [Globes 2 and 3 ave glass globes conted as Leyden jars,  See Art, 505 for
their ehinryes.] . '

1 [For the charges of these jars sce Ard. 500.]

Other particulars of the experiment are given in Cavendish's
own account, and in the "Experimental Notes."
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The analysis of the experiment given by Cavendish

(Ref.2 pp.l112-3) is based on the general principles and
analytical procedures elaborated in his 1771 paper. The
mathematics appears, by later standards, rather clumsy--

a mixture of elementary geometry and Newtonian Fluxions.

A completely general and formal analysis is not pos isible with
"such methods; but an essentially correct result is obtained
by making judicious approximations, which are suggested by
the results of the experiment,which indicates n is very

close to 2.

Essentlally, Cavendish computes--explicitly--the force
at a point somewhere inside a spherical shell of charge for a
1/x? law, (for n=2, this is, of course, precisely zero!)., This
is compared with the force due to the charge (very small--as
experiment shows) on the inner sphere. For this latter, since
n is approximately 2, he can reasonably equate the force to
that of a point charge, located at the center and acting either
with a 1/rn of l/r law--the difference is insignificant.

For equilibrium these two forces must balance when the inner
and outer spheres are connected by a conducting wire. (Notice
here that the wire is assumed not to disturb the spherical
symmetry of the charge distribution. Could this have been justi-
fied?) Assume this happens when the charge on the inner sphere
is E times that on the hemispheres.

Experimentally one observes that

€ is less than some small fraction:
from the analysis this upper limit
for £ can be related to a maximum
departure from 2 of n.-

. Equilibrium of forces at P’
due to charges £Q on inner.
and O on outer sphere..

Cavendish (Ref.2 p.ll2- 113), worklng dlrectly with the electrlc
- forces, obtains the result that the two forces will balance, at a
point P distance d from the outer surface,

| E(l-rp):_(,_{,)._i':z(nb') - ( E"f;; .“ 5 | )

Here P:_c{/{Z'f-.- d)’ where 2% is the diameter of the outer
sphere. = For 8-=0, the R.H.S., and therefore E, is =zero.
Since, experimentally, we know & & 1, we can expand this expression
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foréff in powers of & ; which readily yiéids to first order
in : L _ _

€= gf%.'l%("f;) "_(E,’f‘)}

In a sensitive arrangement, the quantity {““}_should be large,
so that a small departure of n from 2 (i.e. small d') would
result in a large, detectible & . It is easily seen that a
small value of p is desirable, viz. '

‘p:  0.02  0.03 0.05 0.10 0.2 0.5 1.0
{"}: 0.96 0.8 0.6 0.32 0.13 0.013 0

’.aﬁprox‘

As p approaches zero, i.e, the radii of the inner and outer
spheres become closer, {-f} only increases logarithmically,
and there are obviously practical limits to making the two
spheres very nearly equal in size. 1In Cavendish's own experi-
ment, d=0.35", 2r=13.1", so that p=0.0275 and {--] =0.85.%

Cavendish observes € less than 1/60th, from which he infers.
that § is less than (1/60)/0.85 or approximately 1/50th. (This
style of expressing results in vulgar fractions is again remi-
niscent of Newton!) He concludes: '

"
...that the electric attraction and repulsion must be
inversely as some power of the distance between that of
2 + 1/50 and 2-1/50, and there is no reason to think ”

that it differs at all from the inverse duplicate ratio.
Faith in the inverse-square-law clearly transcends the limitations
of experimental verification! C

_ The assertion that the law is tested in this way both for
attraction and repulsion invites some scrutiny. The one-fluid
-model is used by Cavendish. It ig necessary to perform the ex-
periment with both plus (excess, vitreous) and minus (deficit,

resinous) charge on. the outside?

In hig 1771 papexr Cavendish had demonstrated--not with complete, -
formal, conclusiveness--but to his own satisfaction however, that

There is some slight inconsistency between the dimensions
Cavendish gives on p. 110 and on page 111 (ref. 2}, However,
this has little consequence since the value of {-—J}Changes
only slowly with p. . :
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.-in a charggd cgnductor of any shape whatsoever,'the charge
shoul@ rg51de in a thin surface layer. His unpublished
description of the above experiment. is followed, immediately,

by a brief account of another experiment with a hollow, rec-
tangular work box: :

A similar experiment was tried with a piece of wood 12
inches square and 2 inches thick, enclosed between two
wooden drawers each 14 inches square and 2 inches deep
on the outside, so as to form together a hollow box 14
inches square and 4 inches thick, the wood of which it
was composed being .5 to .3 of an inch thick.

The experiment was tried in just the same manner as the
former. I could not perceive the inner box to be at ail
over .or undercharged, which is a confirmation of what
waszsupposed at the end of Prop. IX.--that when a body

of gny_shape is overcharged, the redundant fluid is lodged
entirely on the surface, supposing the electric attraction
and repulsion to be inversely as the square(of the distance.

(Ref. 2 p.l1l12)

The theorem referred to is from the 1771 paper:

41] Pror. IX. If any body at a distance from any over or

undercharged body be. overcharged, the fluid within 3t will be

- lodged in greater quantity near the surface of the body than near
the center, For, if you suppose it ta be spread uniformly all over
the body, a particle of fluid in it, near the surface, will be repelled
towards the swrface by a greater quantity of fluld than that by

- which it is repelled from it; consequently, the fluid will flow
towards the surface, and make it denser there: moreover, the
particles of fluid close to the surface will he pressed close togethor;
for otherwise, a particle placed so near it, that the quantity of
redondant fluid between it and the swrface should be very small,
would move towards it; as the small quantity of redundant fluid
between it and the surface would be unable to balange the re-
pulsion of that on tlie other side.” o

From the four foregoing problems it seems likely, that if the

electric attraction or repulsion is inversely as the square of the
distance, almost. all the redundant fluid in the body will be lodged
close to the surface, and there pressed close togethor, and the rest -
of the body will be saturated, If the repulsion is inversely as some

© power of the distance between the square and the cube, it is likely
that - all parts of the body will be overcharged : and if it is in- .
versely as some less power than the square, it is likely that all
pitts of the body, except those near the surface, will be under-
charged. |

(Ref. 2 p.17)
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The limitations of Cavendish's experiment are twofold:
first, the limited sensitivity of the charge-detecting instru-
ment he used (the two pith-ball electrometer); second, the
. possibility of some charge leaking down from the glass supporting
rod. In both these respects a higher sensitivity is not too
difficult to achieve even in the sort of technigue available
to Cavendish's time. But in principle the method is capable
of extraordinary sensitivity, as we shall now see.

. VI. Postscript -

N

When Clerk Maxwell edited Cavendish's unpublished papers--
in 1879-- the law-of inverse-squares for electric charges was
taken as all but an axiomatic truth. Yet, up to that time, the
direct experimental evidence in support of this law was little
more, or better, than that which Cavendish had obtained 100
years earlier!

: Some direct measurements had, in the meantime, been made of

the repulsion and attraction of fixed charges at varyving distances--
notably those by Couloumb (c. 1884); but even a superficial glance
at what is reported and claimed for these, removes any illusion

that they represent--although often so described--a precise
verification of the inverse square law. Their virtue is their
directness--certainly not their precision which does not attain,

let alone exceed that of the Cavendish experiments.

At about the same time as Cavendish, Prof. John Robison (1739-
1805), of Edinburgh, a distinguished and most versatile natural
philosopher, observed that:

...in the mutual repulsion of two similarly electrified
spheres, the law was slightly in excess of the inverse
duplicate ratio . of the distances, whilst in attraction
of oppositely electrified spheres the deviation from
that ratio was in defect. (Ref.8, p. 73)

. But these observations seemed to have made little impact, or
little influence that was acknowledged, at the time. In any
event, by the mid-19th century the experimental basis of the
inverse-square-law seemed to have been lost from sight. A quite
sophisticated mathematical analysis of electricity had been built
up in the previous few decades, by Poisson, Green, Gauss, Wnm.
Thomson (Kelvin) et al.; and in this the inverse~square law was
assumed along with certain formalized properties of materials: 0y
‘Insulator, conductor, which represented--in a somewhat abstract -




way--their real physical properties. Most of this abstraction
implicitly assumes, and relies on, the validity of the inverse
square law: with any other law (n # 2), these simple abstract
properties do not suffice. For example, for a charged (solid)
conductor, all the surplus (or deficit) charge in a "thin" )
surface layer, results in no electric force (field) inside,
provided the inverse square law is valid. Consequently, we can
postulate any amount of charge inside, provided only that there
are equivalent amounts of both sorts (in the two-fluid: equal +
. and - sorts; in the one-fluid: corresponding amounts of fluid
“and ordinary matter-- "saturation"): in the absence of an
internal field the balance will not be destroyed. But for n # 2
this simple sithation is absent: there is some internal force
and it will interact with the "fluids". The final "equilibrium"
in this case will therefore depend on additional physical assump-
tions: e.g. the maximum "fluid" that can be displaced; the ultimate
density of fluid, etc. It seems then more than likely that the .
inverse-sguare-law was welcome, or accepted without murmur, just
because it made possible a formal theory--the very theoxy of
"classical" electrostatics which we use today. Cavendish put

it modestly when he concluded that there was no reason to think
otherwise; 100 years later there was a great =~ vested interest
in this law! :

None the less, it is an experimental law, and subject to test;
and this is just what Maxwell did at the time (1879) when he was
editing Cavendish's papers. The principle used is identical with
Cavendish's; the technique is greatly superior. Maxwell identified
clearly the limitations of the earlier experiment--the limited
sensitivity, and the possible electrical "leakage" through the in-
sulating supports of the inner cylinder he overcame - both, and achieved
the remarkable result, about 400 times more precise than Caven-
dish's: {n-2]<1/21,600. (See Ref. 2, p. 417—419;‘Appendjx,fLSS)

In the analysis of his experiment. Maxwell using contemporary
.potential theory, is able to avoid the simplifying approximations
that Cavendish used. But in the end, since n is very close to 2,
an expansion in § (= n-2) is made; so that the more refined
analysis is--elegance apart--nqt really material.

: Laplace gave the first formal proof that the inverse-square
is the only law consistent with the result that a uniform spheri-

cal shell (of charge) exerts no force in the interior (Ref. 2,

p. 422--appended). Maxwell comments on this proof that:

. .though the assumption of Cavendish, that the
force varies as some inverse power of the distance
appears less general than that of Laplace, who
supposes it to be any function of the distance, it
is the most general assumption which makes the ratio
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of the force at two different distances a function
of the ratio of those distances.

If the law of force is not a power of the distance,
the ratio of the forces at two different distances

is not a function of the ratio of the distances
alone, but also of one or more linear parameters,

the values of which if determined by experiment would
be absolute physical constants, such as might be
employed to give us an invariable standard of "length.

‘Now although absolute physical constants occur in

relation to all the properties of matter, it does

not seem likely that we should be able to deduce a
linear constant from the properties of anything so
little like ordinary matter as electricity appears
to be. (Ref. 2, p. 422)

Here, with his usuval clarity and insight, Maxwell anticipates
one aspect of the law-of-force--its "range", which was to assume
great significance some 50 years later, and still retains a deep
interest. ' '

The inverse-square law--in_the form given it by Gauss, Laplace
and Poisson can be written: §72V=0,-V=q/r, where V is the static
potential of a "point charge,” and elsewhere the space is empty.
There is no characteristic "range" for this force. But if the-
potential yere to have some characteristic range, for -example:

exp-r/ro} , the Laplace-Poisson equation is no longer valid:;

q TP T |

instead-- 2v + ==V = 0.
VT e

Electric forces--and with proper generalizations, electro-
magnetic forces--are not, then, characterized by a "range" and
can be expressed in characteristically (simple!) mathematical
form. But in the first two or three decades of the present
century, it became clear that there were "forces"~~those binding
together the constituents of the nucleus,--which did seem to have
a definite range, in this case a very short one (~ 107 3.
Yukawa (in 1936}, speculating on the significance of this, con-~
jectured that the inverse-square law was associated with the
zero (rest) mass of an intermediary (the photon of the electro-
magnetic field) responsible for electric forces. An intermediary
field of non-zero rest mass of an intermediary (the photon of
the electromagnetic field) responsible for electric forces. An
intermediarv field of non-zero rest mass would "automatically"”
possess a finite range, the relation between range r, and mass m
being simply r%.vl/nq . This is the famous Yukawa-potential

e "X/1, of nuclear-meson physics.

V

 Yukawa's seminal idea gave rise to the whole modern concept
of the interaction of two particles being mediated by some other
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"particle-field"; electromagnetic interaction is a very "special”
(but immensely important) example of a "zero-rest mass" field,
one which has, therefore, an inverse-square law dependence on
distance. (Gravity--regarded as a field--is another example of
a zero-mass field.) '

In this "modern" spirit it is fashionable to consider any
possible departure from the inverse-square law in terms of a
"non-zero" rest mass (for the photon). It is also irn the spirit
‘of contemporary physics to suspect the absolute truth of any
generalization. Has not Newton's mechanics been shown only to
be an approximation to the "true" relativistic mechanics?
Classical "laws" from the viewpoint of guantum-mechanics are
also reduced to special limiting approximations. More recently
such "absgolute” principles as left-right {(parity) symmetry
and charge symmetry have been shown not to have unlimited validity.
In this spirit, any "ideal" law may be placed under suspicion--
or better still, subject to the fullest experimental scrutiny to
test (or at least extend) its limits of validity. And as ex-
perimental techniques develop rapidly, new methods enable the range -
of validity of "old laws" to be greatly extended, often by re-
markably large factors.

Maxwell improved on Cavendish by a factor of 4,000. The
next major assault on the inverse-square law, by Plimpton and
Lawton (1936) (see appendix), still using the basic Cavendish
principle, in a paper entitled "Test of Couloumb's Law"
achieved a further factor of 20,000!

_ More recently, and now under the banner of setting a limit to
the "rest-mass-of-the-photon" the limit has been pushed back a
further factor of about one million" i.e.

In the more exotic language of photon-rest-mass, this sets an
upper limit to such a mass of about 2 x 10“47ng., or nearly
1020 times less than the electron rest mass..

The encrmous increase of sensitivity in. the experiment has
been possibly essentially on account of the vastly superior
techniques now available for detecting small electrical signals.
Inter~alia, these permit the entire detecting equipment to be
located inside the equivalent of Cavendish's inner-sphere, so that
stray leakage charges can be entirely eliminated. (See Appendix iv;
Note 19) There is some indirect evidence, from electrical
phenomena on a terrestrial and planetary scale, for an even
smaller limit to the "photon- rest mass."i there is no evidence
that it is not zero.

Cavendish's conclusion, that "there is no reason to think that
it (the law of fource) differs at all from the inverse-duplicate-
ratio" still stands. ' '
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VIII Experimental Notes

(Paragraph references ').are to the Cavendish un-
published account. Appendix 3. P. 52

1. The main experiment to be performed is a reproduction of
Cavendish's determination of the "law of Electric Force";
Cavendish's own account (unpublished, until 1879) is appended.

- The reconstructed apparatus is essentially the same as the
original in all matters of procedure and technique. With .
suitable refinements, this method is, in principle,capable of
extraordinary sensitivity (c.f. Chap.vVI above ). You’ may make
small modifications and improvements in procedure as you think
appropriate. But to keep. these meaningful they should be of a
type which might have been considered by Cavendish using the
techniques of his day. 1In any event you should aim to make
experiments that are as convincing and of a prec181on at least
comparable with Cavendish's. The experiment is a quantltatlve
one (although the essential quantity to be measured is zero or
close to zero); and Cavendish treats it as such. He is very
conscious of possible sources of error and makes tests to verify
their absence or modifications to eliminate them. You should
emulate him! _

2. Before attempting the main experiment, it will be well to gain
some famlllarlty with the technigues and instruments used. These
were developed in the peried 1750-~1770 and Cavendish had clearly
mastered them.

f i) The chief "instrument" is Canton's pith-ball (Ref. 10)
electroscope: two small light conducting spheres are
suspended from a common point by conducting threads (about

, 4"-6" long should prove convenient).

They are supported from an insulated(lucite/

glass) rod. Observe their response

"+o charge {(g), as it is brought up from .

some distance (Ref. 2 p. 50)

Now electrify the pith-balls by contact

with a large charged object (Q), and

again observe the reaction as the charge
(q) is brought up. '

ii) a similar pair of pith-balls should
be assembled using insulating  (silk/nylon)
threads, in place of the conducting (thin
wire/ damp thread) threads used in (i).
Repeat the experiments in (i), noticing
the difference. '
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iii) The use of the pith-ball electroscope is well
exemplified in the study of electric induction (Canton,
Aepinus etc. 1750-1760), the theory of which is
thoroughly examined by Cavendish. -

A long cylindrical conductor is mounted on an 1nsulated
support. A charged object is brought near one end.
: : The electrification of various

points on the cyllnder can be studied.
If the electroscope is slightly
charged before it is used to explore
the cylinder, then the "sign” of the
electrification can also be determined.

"It will be observed that some parts of the cylinder are
electrified oppositely to others. Where is the region
separating these two zones? (Lord Stanhope, c. 1750,
inferred the law-of-force from the location of this zone.)

How does the electrification change when the cylinder
is connected to "ground" by a fine wire. Examine
(and exlain! ) this effect for a variety of "grounding"
points (on the cylinder).

iv) It is a simple matter to repeat the Franklin- .
Priestly experiment. (Notes pp. 19/20).
Use a can, of ample size, placed on
wax., Charge it by means of  the
electrostatic machine.

v) Some tests should be made--if not already done--of
the quality of typical insulation on the actual day in
which you intend to repeat Cavendish's experiments.

vi) A simple auxiliary ("gold-leaf"--but thin aluminum
foil is as good, or better) electroscope may be con-
structed and its sensitivity compared with the pith-ball
electroscope.. What essential. features determine the
sensitivity?

3. The Cavendish Experiment

i) First test the insulation (i.e. how long charge may
‘be retained) on both the inner sphere .and outer hemi-
spheres; the former for small charges, the latter for _
large charges--as will be significant in the experiment.
Judge whether the insulation is adequate for the measure-
ment you propose to make.

ii) Cavendish's procedure is summarized in 220}, 222} ,
pp. 105,107, Appem&k;§2if the insulation ¢f the ocuterx
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hemispheres is "poor," the order of the operations

a) removing the wire connecting
(momentarily) the inner and outer
conductors, .

b) disconnecting the connection to
the Leyden Jar. ,

may be reversed. (What are the advantages and dis-
advantages of the two orders of procedure?) -

But the connecting wire MUST be removed before the hemi-
' spheres are opened. (WHY?)

iii) In any event the outer sphere should be electrified
for as short a time as possible(Cf.223] Why? Notice 226} .
Cavendish stresses that the whole cycle of operations be
made as quickly as possible. But it may (and should) be
repeated many times, varying any feature which is sus-
pected of causing some -disturbance or limiting the . ac-
curacy. : '

iv) - The experiment is repeated with the pith-ball electro-
meter given an initial positive/negative charge. (Cf. (1)
above.) ' '

v) Calibration of the sensitivity is made as in 23@}.
Cavendish--in other unpublished papers--gives detailed
descriptions of technigues and measurements for ¢omparison
of two condensors or capacitors (as they are now termed).
The following is one such method which may be reproduced
without difficulty.

Charge the large jar and observe its state of electrif-
ication with the electrometer. Now connect it to the
smaller jar (by a fine wire-— why must it be fine?); dis-

charge the smaller Jjar; repeat the whole operation n-times--

until the electrometer shows an "electrification" equal
to (say) half the original.

If C is the capacity of ‘the large jar and c of the smaller

n . . .
one, then (€ % _ 1, ie. —g— =7 2 -1. (This is

readily proved!)

It is a simple matter to devise a method of showing
when the electrometer readings indicate a factor 2 in
electrification. (Devise such a procedure.)

"yi) If the "gold-leaf" electroscope constructed (cf.2,
vi above) is more sensitive than the pith-ball electro-
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scope, you can repeat the eiperiment.with-the formér,'
and check whether the limiting feature is the electro-
scope sensitivity--or some other feature. -

4. Analysis and Interpretation.  See Cavendish's paper ARWMA9. 
f-SZ v 234}, 235]; and Notes. Chapter 5. Alre: AP ahi’p-ﬁf;

This investigation should conclude with an assessment of the
limiting features of Cavendish's experiment. How far might the use
of an electroscope of much higher sensitivity reduce the dif~ '
ference between n and 2 that could be deteécted? (What is the
relevant sensitivity of such an electroscope--the "chatge-"

or "potential-" sensitivity?)

Maxwell's improved version of Cavendish's experiment is an
example of such a development. . If a suitable electrometer
(e.g. a small Quadrant electrometer) is available, it is not
difficult to reproduce Maxwell's far more sensitive experiment.
(See Appendix p.S8 )

Typical Sketch of Cavendish's Electrical Apparatus.
(From Ref. 2) g ' :
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From the Physical Review,
Vol. 50 1936 pp 1066-1071.

DECEMBER 1. 1236 PHYSICAL

REVIEW VOLUME $0

A Very Accurate Test of Coulomb’s Law of Force Betweeﬁ Charges .

_S,EJ, PLrpToN aNp W. E. LawrtoN, Woreester Polytechnic Tustitule, Ii’oréester, Massachusetis
: {Received September 30, 1936) ‘ : i

The: exponent 2 in Coulomb's inverse aquare law of force
between charges in empty space has been found experi-
~ mentaily to be correct to within 1 part in 10% The well-
known electrostatic experiment of Cavendish and Max-
well with concentric metal globes was replaced by a quasi-
static method in which the difficulties due to spontaneous
jonization and contact potentials were avoided. A “reso-
nance electrometer” (undamped galvanometer with ampli-
fier) was placed within the globes, the input resistor of the
amplifier forming a permanent link connecting them, so
as to measure any variable potential difference between.
them. It was shown theoretically that the presence of the
resonance electrometer would have no effect on the resuit
- and that it could replace electrically a part of the inner
- globe, The galvanometer was observed through a “con-

7

INTRODUCTION

HE inverse square law of force between

clectric charges was tested by Coulomib

ith bis torsion balance and more precisely by
\laxwell using a modilication of a method in-
cented by Cavendish, Maxwell used a spherical
Jir condenser consisting of two insulated spheri-
al shells (Vglobes™); the outer having a smaill
tole in it so that the inner could be tested for
charge by inserting an electrode from a Thomson
Jectrometer. This hole was closed by a smali lid
arrying an inward projection which simultane-
cusly connected the two chells together. The
wter shell was then charged to a high potential
v, the lid .and conmnector removed by a silk
dread, and the outer shell earthed. Maxweli
dowed! that if the exponent in Coulomb's law
isnot 2 but 2= the magnitude of the potential
of the inner shell (neglecting higher-orders of ¢)
would then be VgF{a,b), where F(a, b) is a

known function of the ratio of the tadii ¢ and &.

of the outer and inner spheres, namely:

Fa, ) n 1 n+1 . U oan? a
a,0)=—log —3z log y R=—
2 I b

—1

since the potential remaining on the inner shell
wus found by the experiment to be less in mag-
ntude than a small detectable potential v, then
<o/ VF{a, D). In this way Maxwell obtained
the result stili generally quoted in text-books,
$<1/21,600. :
Professor A. Wilmer Duff directed the atten-
vion of the writers to the problem of improving
the accuracy of this test, ie., of reducing this
upper- limit for the value of g, with the aid of

the more sensitive electrometers now available.

ducting window™ at the top, made so by covering it with
salt water. No effect was observed when a harmonically
alternating high poteatial ¥ {>3000 volts), from a spe-
cially designed “condenser generator' operating at the
low resonance frequency of the galvanometer, wsg adsblied
to the outer globe. The sensitivity was such that avoltage
»=10"* volt was easily observable above the sgdl fluc-
tuations due to Brownian motion. .

If the exponent in the law of force were nof éxactly 2
but rather Z¢ then g <v/VF{a, b) where Flazh)=0.169,
@ and b being the radii of the globes, This givesg,<2X107
in space remote from matter, The formula for Fle, b) was
derived by Maxwell's theory in which the effect of gravity
is assumed negligible. Reasons are given for believing that
this assumption does not invalidate the result.

PRELIMINARY INVESTIGATIONS

In the derivation of the expression VgF(a, b)

it is assumed that the ¢lobes are exact spheres

.nd that the charges are distributed uniformly

ot them. These assumptions are made merely -

w0 facilitate the computation, and the order of
magnitude of the result is unaffected if the globes
we only approximately spherical and the dis-
fibution only approximately uniform. The small-
wess of the result for the upper limit for g depends
not upon a close approach- to sphericity, but
rather upon the great difference in 'the magni-
tudes of the applied voltage V and the smallest
detectable voltage 2.

At first sight one would suppose that an cnor--

mous improvement in the accuracy of the test
by Maxwell's method would be possibie, due to
recent advances in the production of high volt-
apes and in the detection of extremely small

© voltages. Curiously enough, however, Maxwell

apparently reached about the limit attainable by
his method even with modern equipment: In the

first place with what is now known about the .

disturbing eflect of unavoidable sponlaneous tond
zation® it is a question how long a charge on the
inner giobe, even as small as that involved in
Maxwell’s experiment, would remain unaffected.
The most serious difficulty in going to great
sensitivities in this method is due, however, to

 contact potentials. It is the experience of the
writers that in the measurement of an isolated .

charge 0.001 volt is about the practical limit. This
is entirely different from the use of contacts in
the measurement of potentials associated with

small currents, as in.ionization measurements,

i Maxwell, Efcctn'city and Magnetism, 1, p, 83.



where the energies involved are greater and
initial effects become smoothed over with time.

The following statement of Hoffman? in reference

to his electrometer ig interesting in this connec-
tion: “The contact potential difference of the
~ duants (entirely platinized) with respect to each
“other proved to be of the order of magnitude of
a thousandth of a volt; the drop to the needle
is greater.” . . '
The possibility of - applying the” Maxwell
method with a vacuum between the globes and
no contacts was studied, the potential of the
" inner globe being measured by its effect on a
small inductor which was connected to an ampli-
fier and moved in the vicinity of the charge.
Even here there seemed to exist somewhat vari-
~ able space gradients of potential of the order of
0.0001 volt. | C '

DEeTEcTroR INSIDE GLOBE

in the method finally adopted the effects of .

contacts were entirely eliminated by placing the
detector inside the inner globe, and connecting it
permanently so as to indicate any change in the
potential of the inner globe relative to the outer
“one. This modification of Maxwell's method, in
particular the presence of the conducting mass
" of the detector within the inner globe, changes
somewhat the conditions under which the in-
equality ¢<v/VI(a, b) was derived. In order to
make sure that this formula would still be appli-
cable we extended the theory as given by Max-
well to the case of three concentric spherical
shells of radii a, b, ¢ (where a >b>c), the two
inner ones being connected together but insu-
lated from the outer one. It was thus found that
charging the outer shell to the potential ¥ would
cause a potential difference between it and
the  inner shells given by the same expression

" VgF{e, b) if the exponent is 2=¢, where F(e, b)

is the function already stated. If this potential
difference is shown experimentally to be less than
v we have as before

" g<v/VF(a, b).

Calculation also showed that the magnitude of
the charge necessary to neutralize this potential
difference is found by multiplying it by the
capacity eb/{¢—¥b), whether or not the innermost
shell is present. '

~ Since, then, the presence of a conducting body
inside the inner globe and connected to it has

no effect on the results, it was possible to arrange -
dimensions so that the detector, which consisted .

of a tube electrometer and amplifier, together
with its shield was approximately equivalent to

the lower half of the inner globe. This lower half

could then be replaced by the detector, .

. 3See, e.gy, J. A. Bearden, Rev, Sci. Inst. 4, 271 (1933).
. G, Hofiman, Ann, d. Physik 52, 701 (1917},

ConsTRUCTION OF GLOBES AND DETECTOR

To serve as the outer globe A (Fig. 1) two
approximately hemispherical shells, five feet in
diameter, were constructed of sheet iron gores
soldered together. One of these was mounted on
a cylindrical porcelain insulator to form the lower
half of ‘A. The copper boxes containing the de-

" tector D were properly located in it, supported
by porcelain insulators on a slat floor.. The -

detector 1D consisted of a five-stage, resistance-
capacity coupled amplifier designed for a fre-
quency .of about 2 cycles per second so as to
operate a panel galvanometer G having this fre-

quency and low damping. The first tube was an
_FP 54 with an input grid resistor of 10Y ohms.

' This was followed by three stages using PJ I1

tubes, which were enclosed in cast iron boxes

62

- suspended on rubber to avoid microphoniceflects.

The final stage of the amplifier was of conven-
tional design. The sensitivity was adjusted so
that the Johnson effect (Brownian heat motion)
in the input resistor caused an average motinn

of the galvanometer of about ene small division,
1

" corresponding to about § microvolt.

The inner hemispherical dome B of four feet
diameter, constructed of sheet iron gores simifar
to those of A, was mounted on Pyrex glass insu-
lators and connected to the amplifier. Tests were
.made with the outer shell A connected to the
grid of the first tube, the amplifier shield being
connected to the dome B, and also with the grid
connected to B and the amplifier shield con-
nected to A. In neither case could any change
in the potential of B relative to A be detected
when A was properly charged and discharged.

The galvanometer G was illuminated by a
lamp drawing current from the amplitier bat-
teries, and after the upper half of A was in place

it could be viewed through holes at the top of

A and B. It was important that there be no
break in the conducting surface of the outer globe
A. The problem of a conducting window was
solved by using a glass-bottomed vessel threadud
into the hole in A, which contained a solution of
ordinary salt in water with its surface flush with
the outer surface of A. Submerged in the solutien
was a disk of fine wire gauze, covering-the gl
and soldered to the threaded rim of the vessh

The presence of the salt solution was essential to -

the success of the experiment,
Quast-StaTic METHOD

When the outer globe was charged and dis-

chiarged simply by opening and closing circuits.

the galvanometer gave deflections which were dur
to clectromagnetic effects (JMdi/dt=MdQ i
where Q is the charge on A and J[ is the mutus!

to devise axmethod for changing the charge Q07

g’
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' Fic. 1. Apparatus for testing the inverse square law of force between charges.

A in such a mauner that these electromagset
effects would never be large enough to be de
tectable. In other words, ¢! d¢ had to be kept
small. For this purpose the use of a resistor alone
was not satisfactory, on acecount of the large
value of di/dt during a very short time at the
peginning of the charge or discharge, and it was
not feasible to construct a sufficiently large choke.
A quasi-static method was therefore adopted.
In this method the detector was employed as
a resonance electrometer. The high voltage was
applied to the outer globe asa smooth sinusoidal
wave of very low frequency, so as to build up a
resonant vibration of the galvanometer. This
had great advantages apart from that of sensi-
tivity. The chief advantage may be explained as
follows. The sensitivity of the amplifier is limited

by Brownian heat fluctuations. These consist of

all frequencies with equal energies, according to

the equipartition law. The galvanometer re-
sponds in a resonant manner to the components

among these with frequencies approximately
equal to its own, The disturbance to be measured
(signal) is at a relative disadvantage (by a factor
depending on the damping of the galvanometer)
as compared with this heat motion uniess it too
has a frequency equal to that of the galvanometer.

As indicated above, a low frequency was nec-
essary to reduce electromagnetic effects. Calcu-
lation showed that with a frequency of about 2
eycles per second the inductive effect (AMdi/dt)
would be entirely submerged in the fuctuations
(about 3 microvolt) due to heat, motion in the
detector, v

ConpENSER (GENERATOR

There appears to be no commercially available.

source of such low frequency high voltage with
smooth wave form. Transformers and filters are

not practical at such low frequencies, nor is high ¢
voltage directly from an ordinary generator.’
What might be called a condenser generalor was
developed for the purpose. It may be described
as consisting of three large metal combs; two
stationary (stators) nearly paraliel to each other
with their teeth upward, and the third (the
inductor) held with teeth downward and swung
harmonically in and out of mesh with the other
two alternately. It is shown diagrammatically at -
the right of Fig. 1 and disassembled in Fig. 2.
The maximum voltage provided by this gen-
erator is determined by the spark-over potential
between the inductor I and the stators SS. No
attempt was made to use extremely high voltages -
because of the disturbing effect of the radiation
associated with brush discharge. The peculiar
design of the generator was the resuit of an
attempt to realize the two following conditions:
a smooth sinusoidal wave form and a rapid in-
crease of the gap between combs as the inductor
moved away from either stator, so that the rising
potential difference would not cause spark-over
at any point. '
The stators SS (Fig. 1) were charged by a
transformer from the lighting circuit with the
aid of the kenetrons KK. Their capacity to
ground, which was increased by adding. mica
condensers CC in parallel, was Jarge compared
with that of the globe A, so that their potentials
were not affected appreciably by the variation
of their inductive relation with A as the inductor
I swung in and out of mesh. Since these con-
densers retained their charges for hours, this
arrangement also made it possible to turn off
the kenetron charging system during the experi-



" ment, thus avoxdmg the dxfﬁculty of ﬁltermg out

disturbances from this system.

ARRANGEMENT OF APPARA‘I‘US .

From Fig. 1 it will be seen that the generator -

was connected to the globe A through graduated
chokes as a further protection against high fre-
quencies. The applied voltage could be read
directly on the Braun electrometer E for any

position of the inductor I. For observing the’

wave form a cathode-ray oscilloscope was also
coupled to the line through a tubular air con-
denser T. The amplifier shown in front of this
oscilloscope was required on account of the high
impedance of the condenser. The oscilloscope was
provided with a 60-cycle horizontal sweep, which
became a very slender ellipse owing to pick-up
from the surroundings. This ellipse moved up

- and down with the applied voltage, retaining its
-smooth shape and thus proving the absence of

high frequency disturbances.
If the variation of the voltage applied to the

- globe A produced an appreciable potential differ-

ence between A and the dome B, it would be

" indicated by resonant motion of the galvanometer

G in the detector D connected between A and B
as already described. G was observed through
the conducting window W by means of a mirror
and telescope as shown. The observer at the
telescope could start and stop the motor M which
drove the generator and, by means of the rheo-

. stat Rh and meters not shown, he could control

the speed of M and thus keep the frequency of
the applied voltage at the resonance value (130
per minute). This frequency adjustment could

" be checked at any time by blowing enough salt

water out of the window W so that the gal-
vanometer would respond.
METHOD OF CALIBRATION

“The connections for the calibration are shown
in Fig. 3. The outer shell A was grounded, and

a small known fraction r/(R-+r) of the voltage

from the condenser generator was applied to the
dome B by means of the high resistance poten-
tiometer R++r, the frequency being kept at the
resonance value. The amplitude of the voltage
from the generator was read directly on ‘the
oscilloscope O (without sweep} which, being in-

dependent of frequency, could be calibrated by
applyitg voltages from a battery as indicated.
In this way a very nearly linear calibration for
the resonance electrometer D was obtained.

In determining the smallest voltage v detect-
able by D it was desirable to keep both the

relaxation time and the impedance of the input -
of the amplifier a5 nearly as possible the same

as under working conditions. The presence of the
resistance r reduced slightly the fluctuations of
the galvanometer due to heat motion. These werc

restored when a small air condenser c¢ ({with.

shield not shown) was.inserted in the lead to the
dome.' By making allowance for the known. im-
pedance of this condenser the calibration was
found to be as before. The minimum voltage ¢
observable above the usual heat fluctuation was
thus determined with the calibrating device o
loosely coupled that it had practically no effect
on the sensitivity of the resonance electrometer.

REsuLT

With the apparatus operatmg properly at the
resonance frequency, many trials with the am-
plitude of the applied voltage ¥ never less than
3000 volts and v remaining - very., gogsistently
equal to 1 microvolt convinced variotis obscrvers

that no change in the small heat motion of the

galvanometer could be detected when the gen-

erator was started and stopped at random. -

For our apparatua 6=2.5 ft., b=2.0 ft, and
F(a, b) =0.169, Substitution in the inequality
g<v/VF(a, b) then yields ¢<10%/3000X0.16%,
whence

g<2x107%.

The exponent 2 in the inverse square law of force

F1c. 2. Condenser generator disassembled.

-
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F1G. 3. Method of calibration.

petween charges in space remote from matter is
thus shown to be correct to within one part

A 10g .
Errgcr orF GRAVITY-

In view of the accuracy of the test some state-

ments as to the possible ellect of gravity are
desirable. The expression for g, b) was derived
py means of classical electrodynamics in which
the effect of gravity is neglected. It was assumed,
for instance, that the charge density #n: the sur-

face of a spherical conductor is the same every-

where. If electrons (inertial mass m., charge —e¢)
have weight g the electron density on the con-
ductor must be unsymmetrical, being greater
sear the bottom, in such a way that at any point
of its surface the force of gravity on an electron
is balanced by the electrical force due to the

' vertical potential gradient dV/dh, that is, edV/dh

=g This gives by -ntegration a maximum

potential difference over globe A of not more

than 10~ wvolt. Since this is far less than the

inimum detectable voitage v=10"° volt, such

a effect is too small to cast any doubt on the
<

resuit. Moreover, the force due to gravity may

be thought of as neutralized by the electrical
force due to the unsymmetrical electron density -

before any charge is applied to the globe. The
applied charge would then be distributed sym-

metrically, Looked at in this way, gravity should

have no effect on the experiment however accu-
rately performed. We can then say that what
we have tested is the law of {orce between

charges in space remote from matter, that is, not

in a gravitational field.

An objection to these statements might be
raised on the ground that it should not be
assumed that there is no interrelation between
gravitational and electrical fields, and that it is
conceivable that the gravitational. field might,

by virtue of this interrelation, affect the elec- -

trical field In just such a way as to give no

. variable potential differences inside the globes

even if ¢ for empty space were greater than
2X107% The possibility of such a coincidence
seems remote, to say the least, especially in view

of the magnitudes involved. However, we have
considered the shielding action of the globe from

the point of view of the general theory of rela-

- tivity and have arrived at a conclusion which is

even more reassuring. The reasoning on which
this conclusion .is based involves considerable
mathematics and is left to a later paper. '

The authors wish to express their appreciation
to Professor A. W. Duff at whose suggestion this
investigation was undertaken, to Professor H. H.
Newell for his stimulating interest and advice,
and to Mr. R. F. IMleld of the General Radio
Company for helpfi? dlscussxons regarding the
action of amphﬁers



66

, Cavendish's Sketcn for Apparatus for Electrical Me(asurément (of !'Capacity!)

New Experlmeﬂtal Test of Coulomb’s Law: A Laboratory Upper Limit on

From Phys. Review the Photon Rest Mass

~Vol.
O._ 26, 768.1971 p g yiiams,* J. E. Faller, and K. A. Hill .
Depan‘ment of Physics, Wesleyan Univevsity, Middletoun, Connecticut 06457
(Received 22 January 1971) . ‘

A high~frequency test of Coulomb’s law is described The sensitivity of the experiment
s given in terms of a finite photon rest mass using the Proca equations. The null result |
of our measurement expressed in the. form of the photon_rest_mass squared._is. ui=(.04 _ _
- 21.2)%x10° % em™?. Expressed as a deviation from Coulomb’s law of the form 1749 our T
experiment gives g =(2,7+3.1) x107!*, This result extends the validity of Coulomb’s law - o

" " by two orders of magnitude.

" ' The testing of Coulomb’s law (Gauss’s law) by.
" means of a null experiment dates back to Caven-

- dish (1773).} The now classical test of Plimpton

~  and Lawton® was performed in 1936, and showed

.that any difference in the exponent from 2 was

~ smaller than 1x10°°,

. have extended the accuracy of that result by

. two®* and four® orders of magnitude. The result

- reported here represents an extension in accura-

cy over that obtained by Plimpton and La.wton by
six orders of magnitude.

. The experiment described here is a “high-fre--
" gquency” null test of Coulomb’s law. We make

“use of the fact that a 1/ force law does not give
rise to any electric field on the inside of a closed
conductor. A conducting shell that is about 13 m

.in diameter is charged t¢ 10 kV peak to peak with
a 4-MHz sinusoidal voltage, Centered inside of

" this charged conducting shell is a smaller con-

“ ducting shell. Any deviation from the 1/#* force
law is detected by measuring the line integral of
the electric field between these two shells with
a detection sensitivity of about 10‘12 v pea.xc to
peak, ‘

_ The resulis of the exper1ment can be expressed

- -in terms of the Proca equations,™™ a relativisti-

Recently two other groups -

~cally invariant linear generalization of Maxwell’s

equatiohs, which are appropriate to deseribe the

- experimental system when a finite rest mass is

assumed. Proca’s equations for a particle of
spin 1 and mass m, are®

o= da/e),,. ERRRER ¢V,
where y=myc/A. In three- dnnensmnal notatxon
Gauss's law becomes _ I

v E=dmp—fp. SN )]

To calculate the sens-itivity of the systém, con-
sider an idealized geometry consisting of two

(D+u

‘concentric,; conducting, spherical shells of radii
R, and R, (R, >R,) with an inductor across (in’

parallel with) this spherical capacitor. To the
outer shell is applied a potential Vjei®t. An
iterative solution for the field between the spheres
may easily be found. Forming a spherical Gaus-
sian surface at radius » between the two shells
and then using the approximation ¢(r)= V,e'**

for this interior region, the integral of Eq. (2)
aver the volume interior to the Gaussian surface
becomes :

[[v -E—4np+u2VUc‘”‘}i3x=0. ‘ ' (3)



Therefore E(#) is given by‘ ,
E()= (gr "= 4 Voe ™ r)F, - 4)

where g is the total charge on the inner shell

A complete solution of the fields inside a2 sym-
metrically charged smgle sphere of radius R,
gwesg ,10 ]

2
R,Vge't
kZ 2 -ﬂsz_eikRz-

X[z’kr(e"*’+ eikr)_(e-ik.r_e

' E(r) =

 and also H=0. Here k2= o?/c?~ /. A power
series expansion of E(r) where kr <1 [near zone]
and w/c >y gives :

E@)= -gmvoe=w=r(1—g5k2y2+gk2R22?--)?. Q)

On neglecting the second-order term, which for
this experiment produces an error of less than
19, this equation reduces to a nonzero rest
mass term which is the same as was derived
rather simply above,.

Since 9H/3¢ is zero inside, éE +dl=0, The vol-—
‘tage appearing across the inductor is then sim-
ply given by o

1

The differential equation which describes this
LC circuit in the case of a nonzero rest mass is
then ‘ ' '

g dg, g Ve e po
L@ c ¥ s (R,*~R,"). ®)

The signal-to-noise ratio of a system described
by this differential equation can be analyzed us-
ing conventional circuit theory. On doing this it
turns out that the use of a high frequency, high-
Q circuits, a large apparatus, and as high as
possible applied voltage V, serve to maximize
the experimental sensitivity.

The experimental apparatus (Fig. 1) consists
of five concentric icosahedrons. A 4-MHz rf
voltage between the outer two shells (4 and 5) is
obtained by pumping energy into the resonant
circuit formed by the two shells and a high-@ -
water cooled coil. A peak-to-peak voltage of 10
kV was achieved. A battery-powered lock-in
amplifier located inside the innermost shell is
used to detect the voltage appearing across the
inductor. The reference signal for this phase
detector derived directly from the voltage on the
outer charged shell is phase shlfted continuously
at a linear rate of 720°/h (¢’ = w'f) and Sent in-

#nly  (8) |

. . d Ve ' -
f:az-cﬂré u-—o—-—(Rz RA).. (7)
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TIG. 1. Schematic drawing of the apparatus. Ad-
MHz voltage is applied between shells 4 and 5. A sig-
nal of less than 1071 V could have been detected be-
tween ghells 1 and 2.

side on a light beam. The optical photons are
passed through a small pin hole which does not
pass the rf for which the hole constitutes a wave-
guide below cutoff frequency. The output of the
lock-in is amplified, sent through a voltage-to-
frequency converter, and then returned outside
the shells on another light beam. 'This output
frequency is detected and counted for 50-sec in-
tervals, Finally this digital output is Fourier an-
alyzed for the phase-shifting {requency w'.

Stray electric and magnetic fields are shielded

against by the skin effect in the conducting shells -

which attenuates them exponentially with the dis-
tance of perpendicular penetration into the con-

ductor. Inpractice this shielding is limited not -
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Table 1. . Results of various tests of Coulomb’s law and tests for a nonzero photon rest mass.

- Photon

Coulomb's Law
violation of form rest
2+ )
r mass
, \ s i
- DC o - Pl
q ( ) mo A ‘1
- = -
Cavendish (1773) 2x10 .
Coulomb (1785) ax107
“Maxwell (1873) 4.9x 1077
~ Plimpton and Lawton (1936) - 2.0x10° nox10 Zem® <s.ax10 g
" Cochran and Franken (1967) 9.2% 10712 C7.3x 1071 < 3x 10'45g
. _ - - . - - -46
. Bartlett, Goldhagen, Phillips 1.3x107 3 1x 10 *8cm ™ < 3x10 g
‘ (1970) : . . : _ e
. Williams, Faller, Hill 2.7+3.1)x 4o 6 {104 +1.2)x 10 %em ™2 £1.6% 10'?”g ‘
Schroedinger (1943) 3 x"iro_lgc-rﬁ-z _~2 X '1'0.-4'."2; ) .
' Gintebie - 20 -2 -3
Gintsburg (1963) Test of Ampere's 5x 10 < 8x10
' ’ Law from Geo- i 20 -2 . _48
" Nieto and Goldhaber (1368) magnetic Data L3x10 “em ) < 4x10 g
- 96 g - T '
Feinberg (1969) * Dispersion of light 8x10 em™? 107

3Feinberg, Ref. 12,

And though in terms of a rest mass it does not
quite equal the sensitivity which has been ob-
tained from the most recent analysis™!? of Earth’s
geomagnetic data, as a laboratory test it has the
advantage that all of the experimental parameters
are controlled and can be individually tested and
varied. A very sensitive test using an LCR cir- -
cuit has just recently been reported'®; however,
the authors themselves express reservations
about the precise interpretation of their results.
The theoretical implications of a nonzero pho-
ton Pest mass if one were found to exist would be
considerable. In addition, the existence of a
finite rest mass could have some practical im-
portance when describing the magnetic field of
large bodies such as Jupiter and the sun.” A
further extension of the limit on the rest mass
via laboratory tests of Coulomb’s law though in-
creasingly difficult is experimentally feasible,

* In view of a number of experimental unknowns
which preclude much if any extension of this
limit using Schrodinger’s method, the greatest
_promise for further improving on the rest mass
limit may well rest with precision tests of Cou-
lomb’s law. To this end, continuing effort on
Cavendish-type. expertments would appear to be
worthwhile, :
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